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Abstract

Background:

Spermidine suppress oxidative stress and is involved in various disease pathogenesis
including ulcerative colitis (UC). Arginase 2 (ARG2) plays a central role in the
synthesis of spermidine. This study aimed to clarify the effect of endogenously
produced spermidine on colitis.

Methods:

The physiological role of ARG2 and spermidine was investigated using Arg2-deficient
mice with reduced spermidine. Immunohistochemical staining of the rectum was used
to analyze ARG2 expression and spermidine levels in healthy controls and UC patients.
Results:

In mice with dextran sulfate sodium induced colitis, ARG2 and spermidine levels were
increased in the rectal epithelium. Spermidine protects colonic epithelial cells from
oxidative stress and Arg2 knockdown cells reduced antioxidant activity. Organoids
cultured from the small intestine and colon of Arg2-deficient mice both were more
susceptible to oxidative stress. Colitis was exacerbated in Arg2-deficient mice compared
to wild-type mice. Supplementation with spermidine result in comparable severity of
colitis in both wild-type and Arg2-deficient mice. In the active phase of UC, rectal

ARG2 expression and spermidine accumulation were increased compared to remission.
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ARG2 and spermidine levels were similar in healthy controls and UC remission
patients.

Conclusions:

ARG?2 produces spermidine endogenously in the intestinal epithelium and has a
palliative effect on ulcerative colitis. ARG2 and spermidine are potential novel

therapeutic targets for UC.
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Abbreviations

ARG2; arginase 2

DAPI; 4,6-diamino-2-phenylindole

DSS; dextran sulfate sodium

GCL; glutamate-cysteine ligase

GCLC; glutamate-cysteine ligase catalytic subunit
GCLM; glutamate-cysteine ligase modifier subunit
HDAC?2; histone deacetylase 2

HE; hematoxylin—eosin

HO-1; heme oxygenase-1

H>03; hydrogen peroxide

IBD; inflammatory bowel disease

KO; knockout

LPS; lipopolysaccharide

NQOI; nicotinamide quinone oxidoreductase 1
NRF2; nuclear factor erythroid 2-related factor 2
PCR; polymerase chain reaction

ROS; reactive oxygen species

SPD; spermidine

TNFa; tumor necrosis factor-a

TXNR; thioredoxin reductase 1

UC:; ulcerative colitis
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Introduction
Inflammatory bowel disease (IBD) is a chronic, idiopathic, inflammatory disease

comprising ulcerative colitis (UC) and Crohn's disease (CD)[1]. The incidence of IBD

exceeds 0.3%, and more than 5 million people are affected worldwide [2]. UC is

characterized by a complex interplay of immune mediators. Current treatment
approaches, such as corticosteroids, immunomodulators, janus kinase inhibitors, and
various biologic agents, have been developed to treat UC. However, treatment

resistance and failure continue to be major challenges [3]. The management of severe
and opportunistic infections is crucial because of immunosuppression in therapy [4].

Most current therapies affect systemic immunity[5, 6]. Therefore, a novel therapy with

protective effects on the epithelium rather than immunosuppressive properties is
required.
Polyamines are linear aliphatic hydrocarbons consisting of three or more polymerized

primary amino acids, which include putrescine, spermidine (SPD), and spermine [7].

The urea cycle is one of the polyamine production pathways in which ornithine is
produced from L-arginine catalyzed by arginase and then converted to putrescine, SPD,

and spermine [8]. SPD has been studied for its physiological activity, which includes

suppressing oxidative stress, promoting autophagy, and extending the cellular lifespan

[9]. In the intestinal mucosa, SPD contributes to wound healing, epithelial repair,
maintenance of epithelial barrier function, and epithelial cell proliferation [10]. Elevated

SPD concentrations are found in the colonic epithelium in patients with UC [11] [12].
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Additionally, in spermine oxidase (an enzyme that produces SPD) knockout (KO) mice,
dextran sulfate sodium (DSS)-induced enteritis worsens, but SPD supplementation

improves this disease [13]. Furthermore, putrescine produced by the intestinal

microbiota is absorbed into the epithelium and produces SPD, which alleviates

experimental colitis [14].

Polyamines are produced from L-arginine (L-Arg) by catalysis with arginase. Arginase
exists in two subtypes of arginase 1, which is found in the cytoplasm, and arginase 2
(ARG?2), which is a mitochondrial enzyme. ARG2 is predominantly expressed in the

small intestine and colon [15] [16]. The relationship between L-Arg and inflammatory

bowel disease has been the focus of research, and L-Arg supplementation is suggested

as a possible method to improve intestinal inflammation [17] [18].

Despite previous research, the role of arginase and endogenous SPD in intestinal
inflammation is not well understood. Therefore, this study aimed to examine the anti-
inflammatory effects of SPD in the intestinal epithelium using 4rg2 KO mice or

knockdown cell lines, which are necessary for SPD production.
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Methods

Animals

Arg2 KO mice (4rg2™"eo/J) of C57BL/6 background were purchased from the Jackson
Laboratory, and heterozygous crosses were performed to generate wild-type (WT) and
Arg2 KO littermates. Female mice aged 8—12 weeks were used for the experiments and
housed in specific pathogen-free conditions. All mouse experiments were conducted
following the guidelines provided by the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the Kyushu University (approval
numbers: A19-253-1, A21-092-2, and A23-097-0). The experiments were reported

according to the ARRIVE guidelines.

Mouse model of DSS-induced colitis

Colitis was induced in the mice by administering 2.5% DSS (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) orally for 5 consecutive days followed by
drinking sterile water for 5 days. On the 10th day, the mice were euthanized under
anesthesia by intraperitoneal injection of a combination of 0.3 mg/kg medetomidine
hydrochloride, 5 mg/kg butorphanol tartrate, and 4 mg/kg midazolam. The SPD
supplementation group received oral administration of 2.5% DSS along with 20mM
SPD for 5days, followed by oral administration of 20mM SPD, and were euthanized on

the 10th day following the same protocol. The stool consistency score was evaluated on

the basis of previous reports[19] as follows: 0 (normal), 1 (semi-solid), 2 (loose to

pasty), and 3 (diarrhea). This score was evaluated daily, and the cumulative score was

calculated.
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Cell lines and culture

Human colon cancer cell lines, HCT116 (RCB2979) and Caco-2 (RCB0988), were
provided by RIKEN BRC through the National Bio-Resource Project of MEXT/AMED,
Japan. The cells were cultivated in Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Nacalai Tesque,
Kyoto, Japan). ARG2 expression was suppressed by short interfering RNA (siRNA)-
mediated knockdown (L-009454-01-0010; Horizon Discovery, Cambridge, UK).
HCT116 and Caco-2 cells were transfected with 10 nmol/L of the indicated siRNA
using Dharmafect 1 transfection reagent (Horizon Discovery) as reported previously.

[20]

Polyamine detection assay

HCT116 cells were transfected by control or Arg2 siRNA for 24 h. The cells were then
stimulated by 500 ng/ml lipopolysaccharide ([LPS] L-2630; Sigma-Aldrich, ST. Louis,
Missouri, USA) or 50 ng/ml tumor necrosis factor-a ([TNFa] 201-18581; FUJIFILM
Wako Pure Chemical Corporation) and incubated for 24 h. The medium was removed
and stained with PolyamineRED (Funakoshi Co., Tokyo, Japan). The cells were fixed in
4% paraformaldehyde, stained with 4,6-diamino-2-phenylindole (DAPI), and observed
under a fluorescence microscope (BZ-X700; Keyence, Osaka, Japan). Fluorescence
intensity was analyzed using ImageJ software (National Institutes of Health, Bethesda,

MD, USA).

Intracellular reactive oxygen species detection assay
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HCTI116 cells were transfected by control or Arg2 siRNA for 24 h. Stimulation of 500
ng/ml LPS, 50 ng/ml TNFa, or 250 uM hydrogen peroxide (H>0O>) was performed, and
the cells were incubated for 24 h. We used the ROS (reactive oxygen species) Assay Kit
- Highly Sensitive DCFH-DA- (Dojindo, Kumamoto, Japan) and Cellstain Hoechst

33342 solution (H342; Dojindo) according to a previous report [20]. Imaging was

carried out using a BZ-X700 microscope (Keyence) and analysis was performed with

ImagelJ software.

Cell viability assay
HCT116 and Caco-2 cells were transfected with control or Arg2 siRNA for 24 h.
Subsequently, 800 uM and 1000 uM concentrations of H>O, were administered to the

HCT116 and Caco-2 cell medium, respectively, and cultured. After another 24 h of

incubation in accordance with the manufacturer’s protocol and a previous report [21],

the absorbance at 450 nm was measured using the viable cell counting reagent SF

(Nacalai Tesque).

Western blotting

Colon tissues in T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) were homogenized using the TissueLyser (Qiagen, Venlo,
Netherland) in accordance with the manufacturer’s instructions. The cells were lysed in
M-PER Mammalian Protein Extraction Reagent or N-PER Neuronal Protein Extraction

Reagent (Thermo Fisher Scientific). Western blotting was performed as previously

described. [22] The following primary antibodies were used for the analysis: mouse
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anti-nuclear factor erythroid 2-related factor 2 (NRF2) monoclonal antibody (sc-
365949; Santa Cruz Biotechnology, Dallas, TX, USA); rabbit anti-B-actin (ab8227;
Abcam, Cambridge, UK); rabbit anti-arginase 2 antibody (#19324; Cell Signaling,
Danvers, MA, USA); rabbit anti-heme oxygenase-1 (HO-1) antibody (10701-1-AP;
Proteintech, Rosemont, IL, USA), rabbit anti-glutamate-cysteine ligase modifier subunit
(GCLM) antibody (14241-1-AP; Proteintech), rabbit-thioredoxin reductase 1 (TXNR)
antibody (11117-1-AP; Proteintech), rabbit anti-nicotinamide quinone oxidoreductase 1
(NQO1) antibody (11451-1-AP; Proteintech), and rabbit anti-histone deacetylase 2
antibody (ab75602; Abcam). The bands were detected using the Chemi-Lumi One Ultra
kit (Nacalai Tesque) and a chemiluminescence imaging system (AE-9300 Ez capture
MG; Atto, Tokyo, Japan). The density of each band was analyzed by ImageJ software

(National Institutes of Health).

Real-time polymerase chain reaction

Total RNA was extracted from cells or tissues using the MAXWELL®16 LEV
simplyRNA tissue kit (Promega, Madison, WI, USA) in accordance with the
manufacturer’s instructions. RNA concentrations were measured with the Qubit
Fluorometer and Qubit RNA BR Assay Kit (Thermo Fisher Scientific). Complementary
DNA was synthesized from 1 pg of total RNA with the PrimeScript RT Reagent kit
(Takara Bio, Kusatsu, Japan). Real-time polymerase chain reaction (PCR) was
performed using TB Green Premix Ex Taq™II (Takara Bio) and the Applied
Biosystems QuantStudio 3 instrument (Thermo Fisher Scientific). The expression levels
of each gene were calculated relative to the internal control.

Primer sequences were purchased from Takara Bio and were as follows: human $-actin
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(HA067803), human Arg2 (HA144573), human HO-1 (HA109356), human GCLM
(HA328417), human T7XNR (HA361942), human NOOI (HA354344), mouse B-actin

(MA050368), and mouse Arg2 (MA234009).

Histological examination and immunostaining

Colon tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The
paraffin-embedded colon blocks were cut into 4-pum sections and subjected to
hematoxylin—eosin (HE) staining. In the histological evaluation, the inflammation score,
ulceration score, hyperplasia score, and disease area score were each evaluated on a 3-

point scale, resulting in a total of 12 points [23].

To perform immunohistochemistry, colon tissue was removed from paraformaldehyde,
sucrose-substituted, and embedded in Tissue Tek Optimal Cutting Temperature
Compound (Sakura Finetek Japan, Tokyo, Japan). The frozen blocks were cut into 4-um
slices. The primary antibodies were rabbit anti-ARG2 antibody (bs11397-R; Bioss,
Boston, MA, USA) and rabbit anti-SPD polyclonal antibody (ab7318; Abcam), and the

secondary antibody was Alexa 488-conjugated goat anti-rabbit IgG (A11008; Life

Technologies, Carlsbad, CA, USA). [24] After counterstaining with DAPI, images were

obtained by a fluorescence microscope (BZ-X700; Keyence). The obtained images were

analyzed using ImageJ software (National Institutes of Health).

Organoid culture and analysis

Organoid culture from the mouse intestine was performed as previously described[25].

In brief, the crypts were collected from the mouse small intestine and colon using
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Gentle Cell Dissociation Reagent (Stemcell Technologies, Vancouver, Canada). The
organoids mixed with Corning Matrigel Matrix (Corning, Corning, NY, USA) were
seeded in a 24-well multiwell plate, and a complete medium (IntestiCult Organoid
Growth Medium; Stemcell Technologies) was added. Passages were performed 7—-10
days after culture and used for experiments.

The organoids were exposed to 500 uM H>O: for 24 h. The viability of the organoids
was evaluated by fluorescence observation using the Cyto 3D Live-Dead Assay Kit

(TheWell Bioscience, North Brunswick, NJ, USA).

Statistical analysis
Values are shown as the mean + standard error of the mean. Statistical analyses were

conducted using JMP 16 software (SAS Institute, Cary, NC, USA).
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Results

Stimulation of cell lines and induction of colitis via DSS administration in mice
enhance SPD and ARG2 expression

To evaluate the accumulation of polyamines and expression of ARG2 in the intestinal
epithelium during inflammation, we first stimulated a human colon cancer-derived cell
line (HCT116) with LPS and TNFa. We found an elevation in polyamine levels with
LPS and TNFa stimulation compared with controls (Figure 1A and B). In WT mice,
DSS colitis was induced, and immunostaining of colonic epithelial tissue using an anti-
SPD fluorescent antibody showed considerably higher SPD accumulation in the DSS
colitis group than in the control group (Figure 1C and D). Our subsequent analysis of
ARG?2 protein expression in the HCT116 cell line showed that ARG2 expression
increased in a H>O; concentration-dependent manner (Figure 1E). Furthermore, Arg2
mRNA transcription was enhanced when the cell line was subjected to H>O» as
oxidative stress (Figure 1F). Immunofluorescence staining of intestinal epithelial tissues
from DSS colitis mice using anti-ARG2 antibody showed significantly increased ARG2
protein expression (Figure 1G and H). We also observed increased ARG?2 protein
expression extracted from intestinal tissue (Figure 1I). These findings suggest that
ARG?2 expression is elevated in colitis, indicating an augmented production of SPD

originating from intestinal epithelial cells.
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Fig. 1 Accumulation of spermidine is enhanced in colonic epithelium during
inflammation.

A Fluorescent imaging of polyamine in HCT116 cells treated with LPS (500 ng/ml) and
TNFa (50 ng/ml) for 24 h. Bar = 10 um.

B Mean fluorescence intensity shows that polyamine levels were increased after
stimulation with LPS and TNFa (n = 3 in each group).

C Immunohistochemical staining with anti-SPD antibody was performed in the distal
colon of mice with and without DSS colitis. Bar = 100 pm.

D The accumulation of SPD was evaluated by fluorescence intensity in each of 15
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crypts (n = 5 in each group).

E Western blotting analysis of ARG2 following H>O, stimulation at the indicated
concentrations for 24 h. B-actin is shown as the loading control.

F Real-time PCR analysis shows that A7g2 mRNA expression was increased by
stimulation with H>O> (1000 pM) for 12 h.

G Representative images of immunohistochemical staining of ARG2 for the distal colon
of mice with and without DSS colitis. Bar = 100 um.

H ARG?2 protein expression was evaluated by averaging the fluorescence intensity in
each of 15 crypts (n = 3 in each group).

I Western blotting analysis of ARG2 protein levels in the distal colon of control and
DSS colitis.

The results are expressed as the mean + standard error. The unpaired t test was used for
analysis. *P < 0.05 and **P < (0.01. Abbreviations: DAPI; 4,6-diamino-2-phenylindole,
DSS; dextran sulfate sodium, LPS; lipopolysaccharide, SPD; spermidine, TNFa; tumor

necrosis factor-a.

SPD produces antioxidant effects via upregulation of NRF2-related pathways,
inhibiting ROS production and protecting cells from oxidative stress

To determine the role of SPD, the HCT116 cell line was cultured with SPD, and the
antioxidant pathway was investigated. We found upregulation of mRNA expression of
HO-1, GCLM, TXNR, and NQOI, all of which are transcription factor NRF2-related
pathways (Figure 2A). Furthermore, protein extraction and analysis showed that HO-1,
GCLM, and TXNR protein levels were upregulated (Figure 2B). We then extracted

proteins from cell nuclei and observed an increase in NRF2 protein levels (Figure 2C
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and D). This finding indicates that SPD enhances the transcription of antioxidant genes
and protein expression by promoting the transfer of NRF2 into the nucleus.

To assess the antioxidant effect of SPD, we exposed HCT116 cells to various stimuli
(LPS, TNFa, and H>02) and measured the production of ROS (reactive oxygen species)
in the presence or absence of SPD. We found that SPD significantly inhibited ROS
production in all stimuli (Figure 2E, F). Furthermore, we evaluated the viability of
HCT116 cells under oxidative stress by inducing cell death with H>O,. We observed that
SPD suppressed cell death compared with that in the control group (Figure 2G). These

findings suggest that SPD has protective effects against oxidative stress.
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Fig. 2 Spermidine protects colonic epithelial cells from oxidative stress.

A Real-time PCR analysis of mRNA in HCT116 cells treated with 50 uM SPD for 12 h.
Antioxidant gene expression was elevated (n = 3 in each group).

B Western blotting analysis of indicated proteins in HCT116 cells with and without 50
uM SPD treatment for 24 h. Antioxidant gene protein expression was enhanced. 3-actin
is shown as the loading control.

C Western blotting analysis of nuclear proteins after treatment with SPD at the indicated
concentration for 24 h.

D Nuclear NRF2 protein expression standardized by HDAC2 protein expression was
increased after SPD treatment.

E Fluorescent images of intracellular ROS analyzed by DCFH-DA. The upper panels
show the cells stimulated with LPS (500 ng/ml), TNFa (50 ng/ml), and H>O; (250 uM)
for 24 h. The lower panels show these cells treated with SPD (50 uM). Bar = 50 pum.

F Intracellular ROS was evaluated by the fluorescence area relative to Hoechst.
Stimulation by LPS, TNFa, and H>O> increased intracellular ROS, and treatment with
SPD suppressed this increased ROS (n = 3 in each group).

G Cell viability was evaluated by the MTT assay. Cell death was induced by H>O> (800
uM) and the cells were treated with SPD (50 uM) for 24 h (n = 4 in each group).

The results are expressed as the mean + standard error. The unpaired t test or Turkey—
Kramer’s test was used for analysis. *P < 0.05 and **P < 0.01. Abbreviations: ARG2;
arginase 2, GCLM; glutamate-cysteine ligase modifier subunit, HDAC2; histone
deacetylase 2, HO-1; heme oxygenase-1, H,O»; hydrogen peroxide, LPS;
lipopolysaccharide, MTT; 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide, NRF2; nuclear factor erythroid 2-related factor2, NQO1; nicotinamide
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quinone oxidoreductase 1, ROS; reactive oxygen species, SPD; spermidine, TNFa;

tumor necrosis factor-o, TXNR; thioredoxin reductase 1.

Arg2 knockdown reduces polyamine production, decreases expression of NRF2-
related antioxidant genes, and reduces antioxidant activity

The enzyme ARG2 converts arginine to polyamines, such as SPD, in the colonic
epithelium. We investigated the effect of endogenous SPD in the 4rg2 knockdown cell
line. Initially, we observed that polyamine production was increased in the HCT116 cell
line upon exposure to various stimuli (LPS and TNFa). However, in the Arg2
knockdown group, polyamine production was diminished compared with the TNFa
group (Figure 3A, B).

Furthermore, we found that oxidative stress by HO» upregulated HO-1 and GCLM
mRNA transcription, but this effect was abolished by 4rg2 knockdown (Figure 3C and
D). Similarly, HO-1 protein expression in response to H2O2 stimulation was limited by
Arg2 knockdown (Figure 3E).

Cell viability was compared in response to oxidative stress, and we observed a decrease
in viability in the Arg2 knockdown group compared with that of non-knockdown group.
(Figure 3F). These results suggest that SPD production via the enzyme ARG2 plays a

crucial role in activating the antioxidant effect in colonic epithelium.
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395  Fig. 3 The antioxidant effect is attenuated in 4Arg2 knockdown cells.

396 A Polyamine staining in control (upper panel) and Arg2 (lower panel) knockdown cells
397  is shown. The cells were stimulated with LPS (500 ng/ml) and TNFa (50 ng/ml) for 24
398 h.Bar=10 um.

399 B Intracellular polyamine accumulation was assessed by the mean fluorescence

400  intensity in control and Arg2 knockdown cells. The polyamine accumulation level was
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lower in the Arg2 knockdown cells stimulated with TNFa compared with that of non-
knockdown cells (n = 4 in the Arg2 knockdown and TNFa stimulation group, n=3 in the
other groups).

C HO-1 mRNA expression was analyzed by real-time PCR. HO-1 mRNA expression
levels were lower in Arg2 knockdown cells stimulated with H>O (1000 uM) for 12 h
compared with that of non-knockdown cells.

D Real-time PCR shows decreased GCLM mRNA expression in Arg2 knockdown cells
stimulated with H2O2 (1000 uM) for 12 h compared with that of non-knockdown cells.
E Western blot analysis shows that HO-1 protein levels were lower in Arg2 knockdown
cells than in controls in the presence of H>O> (1000 uM) for 24 h.

F Cell viability was compared between control and 4rg2 knockdown cells in the
absence or presence of H>O (700 uM) for 24 h. The cell viability rate was lower in
Arg2 knockdown cells than in controls in the presence of H2O».

The results are expressed as the mean + standard error. Turkey—Kramer’s test was used
for analysis. *P < 0.05, **P < 0.01 and ***P < (0.001. Abbreviations: ARG2; arginase 2,
GCLM; glutamate-cysteine ligase modifier subunit, HO-1; heme oxygenase-1, H>O»;

hydrogen peroxide, LPS; lipopolysaccharide, TNFa; tumor necrosis factor-a.

DSS-induced colitis in Arg2 KO mice is exacerbated by intestinal inflammation
compared with WT mice

To evaluate the role of SPD in vivo, we compared WT and Arg2 KO mice using the DSS
colitis model. First, we examined SPD accumulation in DSS colitis using fluorescent
antibody immunostaining. WT mice displayed a higher accumulation of SPD in DSS

colitis than that in Arg2 KO mice (Figure 4A and B).
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Subsequently, we compared the severity of DSS colitis in WT and 4rg2 KO mice. We
analyzed the rate of change in body weight over time between the two groups. Although
there was no significant difference in the change in body weight between the groups, the
KO group showed a tendency towards a lower body weight on day 5 (Figure 4C). The
stool consistency score was significantly higher and the colon length was significantly
shorter in the Arg2 KO group than in the WT group (Figure 4D and E).

We further assessed the severity of intestinal pathology in both groups. Representative
pathological specimens of HE-stained images from the WT and 4Arg2 KO groups are
shown in Figure 4F. The total pathological score was evaluated by adding the
inflammation, ulceration, hyperplasia, and disease area scores. The Arg2 KO group
showed significantly more severity than the WT group (Figure 4G). In addition, proteins
were extracted and assessed for proteins of NRF2-related genes. The WT group, but not
the KO group, showed increased HO-1 and GCLM protein expression in DSS colitis
(Figure 4H). These findings suggest that ARG2 has an inhibitory effect on DSS colitis

through the production of SPD.

Organoids extracted and cultured from Arg2 KO mice show reduced resistance to
oxidative stress compared with those from WT mice

Organoids were generated from the crypts of the small intestine (Figure 41, J) and the
colon (Figure 4K) in WT and Arg2 KO mice via in vitro culture. They were
subsequently subjected to oxidative stress via H>O» stimulation to compare their
respective viability rates. The organoids derived from the small intestine and the colon
of Arg2 KO mice both showed significantly lower survival rates than those of the WT-

derived organoids (Figure 4J, K). These findings suggest that the heightened
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449  susceptibility of the intestinal epithelium to oxidative stress contributes to the worsening

450  of colitis.
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Live
Dead

BAR: 1000um

colon derived organoids

Fig. 4 DSS colitis is exacerbated in Arg2 KO mice.

A Representative immunohistochemical staining with anti-SPD antibodies was
performed in the distal colon in WT and 4rg2 KO mice with DSS colitis. Bar = 100 pm.
B Fluorescence intensity of SPD in each crypt is shown. In DSS colitis, the colon of
Arg2 KO mice accumulated less SPD than that in WT mice (n = 5 in each group).

C Changes in body weight in both groups are shown (n = 6 in each group).

D Total 10-day stool consistency scores were compared between the WT and Arg2 KO
groups (n = 6 in each group). Arg2 KO mice showed a worse stool consistency score
than WT mice.

E The length of the colon at day 10 was compared between WT and 4rg2 KO mice (n =
6 in each group). The colon length was shorter in the Arg2 KO group than in the WT
group.

F Representative images (HE staining) of the distal colon show severe colitis in Arg2
KO mice. Bar = 500 pm.

G The pathological score shows that colitis was severe in A7g2 KO mice (n = 6 in each
group).

H Expression of protein in the colon was evaluated by western blotting. In DSS colitis,
HO-1 and GCLM protein expression was lower in Arg2 KO mice than in WT mice.

I Extracted from WT and Arg2 KO mice and cultured organoids derived from small
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intestine. Organoids are shown at the time of sufficient maturation. There were no
obvious differences in organoid morphology between WT and Arg2 KO derived
organoids. Bar = 200 pum.

J Small intestine-derived organoid viability was analyzed after treatment with H,O»
(500 uM) for 24 h. The live organoids are stained green and the dead organoids are
stained red. The live: dead ratio was as follows: WT, 105:21 vs Arg2 KO, 67:68 (P <
0.001). Bar = 1000 pum.

K Colon-derived organoid viability was also analyzed after treatment with H>O2 (500
uM) for 24 h. The live organoids are stained green and the dead organoids are stained
red. The live: dead ratio was as follows: WT, 26:14 vs Arg2 KO, 10:99 (P <0.001). Bar
= 1000 pum.

The results are expressed as the mean + standard error. The unpaired t test and chi-square
test were used for analysis. *P < 0.05 and **P < 0.01. Abbreviations: ARG2; arginase 2,
DAPI; 4,6-diamino-2-phenylindole, DSS; dextran sulfate sodium, GCLM; glutamate-

cysteine ligase modifier subunit, HO-1; heme oxygenase-1, WT; wild type.

Oral supplementation of SPD ameliorates DSS colitis in both WT and 4rg2 KO mice
Next, we examined whether the exacerbation of colitis induced by 4rg2 deficiency could
be ameliorated by SPD administration. In both WT and 4rg2 KO mice groups, mice
receiving SPD supplementation showed milder DSS induced colitis with reduced body
weight loss (Figure SA, B), lower stool consistency scores (Figure 5C), and significantly
longer colon length (Figure 5D) compared to mice not receiving supplementation.
Furthermore, representative pathological specimens of HE-stained images are shown in

Figure 5E. In both WT and Arg2 KO mice, those receiving SPD supplementation had
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significantly lower total histological scores compared to mice not receiving
supplementation (Figure 5F). Despite DSS induced colitis being more severe in Arg2 KO
mice compared to WT mice, supplementation with SPD result in comparable severity of
colitis in both Arg2 and WT mice as demonstrating in stool consistency scores (Fig 5C),
colon length (Fig 5D), and pathological scores (Fig 5E). These findings suggest that the

severe colitis in Arg2 KO mice may be attributed to reduced levels of SPD.
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Fig. 5 SPD supplementation ameliorates DSS colitis.

A Changes in body weight in DSS with SPD group and DSS alone group in WT mice (n
=5 in each group). The body weight of DSS+SPD groups was significantly higher than
that of DSS alone groups from day 5 to day 10.

B Changes in body weight in DSS with SPD group and DSS alone group in Arg2 KO
mice (n =5 in each group). The body weight of DSS+SPD groups was significantly
higher from day 5 to day 10.

C Total stool consistency scores are shown over the 10-day period for DSS+SPD and
DSS alone groups in both WT and 4rg2 KO mice (n =5 in each group). The DSS+SPD
groups showed significantly lower scores compared to the DSS alone groups in each
genotype.

D The length of the colon at day 10 was compared between DSS+SPD and DSS alone
mice in WT and Arg2 KO mice (n =5 in each group). The colon length was longer in
the DSS+SPD group than DSS alone group in each genotype.

E Representative images (HE staining) of the distal colon show less severe colitis in the
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DSS+SPD mice.

F The total pathological score shows that colitis was less severe in DSS+SPD mice
compared to DSS alone mice in each genotype. (n =5 in each group).

The results are expressed as the mean =+ standard error. The unpaired t test and Turkey—
Kramer’s test were used for analysis. *P < 0.05, **P < 0.01 and ***P < 0.001.
Abbreviations: ARG2; arginase 2, DSS; dextran sulfate sodium, KO; knockout, SPD;

spermidine, WT; wild type.

Human UC intestinal epithelium shows higher ARG2 protein expression and SPD
accumulation in the active phase than in the remission phase

To investigate the involvement of ARG2 and SPD in UC, fluorescent antibody
immunostaining was conducted in human UC intestinal epithelium obtained from
biopsy tissue during the active and remission phases (Figure 6A, D). In addition, we
investigated Arg2 mRNA levels using quantitative real-time PCR (Figure 6C). We found
that ARG2 (Figure 6B, C) and SPD (Figure 6E) were significantly upregulated in the
active phase compared with the remission phase in intestinal epithelium. Moreover, we
also compared ARG2 expression and SPD accumulation of the rectal mucosa between
healthy controls without gastrointestinal disease and UC patients in remission by
fluorescent immunochemical staining (Fig 6F, H). There was no significant difference in
ARG?2 and SPD between healthy control and UC patients in remission phase (Fig 6G,

I). These findings suggest that ARG2 and SPD are implicated in the pathogenesis of

human UC in addition to the DSS colitis model.
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Fig. 6 Intestinal epithelium in patients with active UC shows increased ARG?2
protein expression and accumulation of SPD.

A Representative immunohistochemical staining of ARG?2 in patients with UC. The
mucosa from the same patients was obtained in the active and remission phases. Bar =
30 pm.

B ARG2 fluorescence intensity in the crypts was significantly higher during the active
phase than in the remission phase (n = 10).

C Real-time PCR analysis of mRNA of 4rg2 obtained from rectal mucosa in patients
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with UC. mRNA level was significantly higher in active phase than in the remission
phase (n=9).

D Representative images of SPD in patients with UC. The mucosa from the same
patients was obtained in the active and remission phases. Bar = 30 um.

E SPD accumulation was significantly higher in the active phase than in the remission
phase (n = 10).

F Immunohistochemical was performed on biopsy tissue from the rectal mucosa of
healthy control patients without gastrointestinal disease. Representative images of
ARG?2 in patients with healthy control and UC in remission phase.

G There was no significant difference in ARG2 fluorescence intensity between healthy
control (n=9) and UC patients in remission phase (n=8).

H Representative images of SPD in patients with healthy control and UC in remission
phase.

I There was no significant difference in SPD accumulation between healthy control and
UC patients in remission phase (n=9).

The paired-samples t test and the unpaired t test was used for analysis. **P < 0.01.

Abbreviations: ARG2; arginase 2, N.S.; not significant, SPD; spermidine.
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Discussion
In this study, we found that SPD, which is synthesized from L-Arg by the enzyme

ARG2, plays a critical role in the suppression of DSS colitis. Numerous reports have

suggested the protective effects of L-Arg supplementation on DSS enteritis models. [17]
[26] [27] [28] Furthermore, active human UC shows decreased L-Arg levels in tissue

and increased 47g2 mRNA levels [29], indicating an association between arginine

metabolism and IBD. Nevertheless, the underlying mechanism of this relationship
remains obscure. In the current study, we showed that endogenous SPD exerted anti-
inflammatory effects through the suppression of oxidative stress.

Elevated levels of SPD have been reported in the intestinal mucosa of patients with

UC compared with healthy individuals [11] [12]. The physiological role of SPD is

essential for maintaining normal cellular growth and function, and its intracellular

concentrations are intricately regulated [30]. SPD prolongs the life span and provides

protection to various organs. SPD also promotes anti-inflammatory macrophages and

inhibits colitis [31]. SPD was reported to inhibit liver fibrosis [32], prevent renal fibrosis
[33], show cardioprotective effects in a myocardial infarction model [34], and attenuate
brain aging [35]. During inflammation, SPD plays a role as a metabolic signal,

increasing its production in response to cell death and acting as a “goodbye” signal, and

promotes wound healing [36]. In the present study, we also observed elevated SPD

levels in the rectal mucosa in mice with DSS colitis and patients with UC. In 4rg2-

deficient mice, decreased SPD levels were associated with exacerbated colitis,
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indicating a protective role of SPD on the intestinal tract.

In this study, the increase in ARG2 and SPD in the rectal mucosa of active UC patients
may be just a result of inflammation or a compensatory response to suppress
inflammation, which remains open to debate. We showed the exacerbation of
inflammation due to decreased SPD accumulation in ARG2-deficient mice, as well as
the suppression of inflammation with SPD administration. Several other reports exist on
the improvement of experimental colitis with SPD supplementation in SMOX-deficient

mice [13], as well as on the control macrophage subtypes [31] and supplementation of

bacterial-derived SPD in the gut [14]. While there are no clinical trials supplementing

SPD in UC patients, there are reports suggesting reduced polyamine levels contribute to

the exacerbation and chronicity of colitis [11]. These studies suggest that ARG2 and

SPD contributes homeostatic mechanism during colitis.
The mechanism underlying the organ-protective effect of SPD is attributed to its ability

to inhibit ROS as a free radical scavenger[37] and to promote the expression of

antioxidant stress genes by activating NRF2. NRF?2 is a stress-responsive transcription

factor that helps maintain cellular homeostasis [38]. Activation of NRF2 is anticipated

to contribute to anti-inflammatory therapy in the treatment of IBD[39]. In our study,

SPD promoted the expression of genes, such as HO-1, GCLM, TXNR, and NQOI,
through nuclear translocation of NRF2. HO-1 plays a role in protecting against

oxidative damage, regulating apoptosis, and modulating inflammation [40]. GCLM
catalyzes glutathione biosynthesis [41] [42], and NQO1 prevents the formation of ROS

by detoxifying quinones.[41] This study showed that SPD enhanced the expression of
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antioxidants, reduced cellular production of ROS, and protected cells from ROS-
induced cell death. In the absence of ARG2, SPD levels were decreased, leading to
increased ROS levels and heightened cell death in response to oxidative stress. The
antioxidant activity of SPD highlights its potential effectiveness in the treatment of UC.
While we focus on colonic epithelial cells since SPD was accumulated in mucosa

during colitis, ARG2 plays a significant role on immune cells. ARG2 has been reported

as mediator of IL-10 in inflammatory macrophage [43], and it controls T cell survival

capacity [44]. These findings suggest that ARG2 deficiency may result in an

inflammatory shift in immune cells.
Supplementation with L-arginine or SPD has an inhibitory effect on DSS colitis in
mice. L-arginine is metabolized by arginase, leading to the production of SPD and nitric

oxide through two pathways. However, nitric oxide production is elevated in patients

with UC [45] [46], and nitric oxide can contribute to neutrophil infiltration and tissue
damage [47]. Furthermore, while oral or external supplementation of SPD has been

shown to have efficacy to ameliorate colitis [14], our study suggested the importance of

endogenous SPD production mediated by ARG2. Our results obtained from organoids
and cultured cells also indicated the contribution of SPD in inhibiting intestinal
epithelial cell death. DSS colitis is exacerbated in mice with spermine oxidase KO,

which is an alternative endogenous pathway for SPD production independent of ARG2

[13]. This finding suggests the importance of endogenous SPD and its regulatory

mechanisms in the development of colitis.

In summary, this study shows that endogenous production of polyamines, especially



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

Imazu N. et al. 41

SPD, through the action of arginase, plays a crucial role in protecting the intestinal
mucosa by exerting antioxidant effects on the intestinal epithelium. Targeting this

mechanism could be a promising therapeutic approach for IBD, including UC.
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