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Abstract

Background

Ferroptosis, a type of programmed cell death triggered by oxidative stress, was
suspected to play a role in ulcerative colitis. Indigo naturalis is highly effective
against ulcerative colitis, but its mechanism is unclear. This study found that
indigo naturalis treatment suppressed ferroptosis.

Methods

We analyzed 770 mRNA expressions of patients with ulcerative colitis.
Suppression of ferroptosis by indigo naturalis treatment was shown using a cell
death assay. Malondialdehyde levels and reactive oxygen species were
analyzed in CaCo-2 cells treated with indigo naturalis. Glutathione metabolism
was shown by metabolomic analysis. Extraction of the ingredients indigo
naturalis from the rectal mucosa was performed using liquid chromatograph -
mass spectrometry.

Results

Gene expression profiling showed that indigo naturalis treatment increased
antioxidant genes in the mucosa of patients with ulcerative colitis. In vitro
analysis showed that nuclear factor erythroid2-related factor2 related
antioxidant gene expression was upregulated by indigo naturalis. Indigo
naturalis treatment rendered cells resistant to ferroptosis. Metabolomic analysis
suggested that an increase in reduced glutathione by indigo naturalis. The
protein expression of CYP1A1 and GPX4 was increased in the rectum by

treatment with indigo naturalis. The main ingredients of indigo naturalis,



indirubin and indigo inhibited ferroptosis. Indirubin was detected in the rectal
mucosa of patients with ulcerative colitis who were treated with indigo naturalis.
Conclusions

Suppression of ferroptosis by indigo naturalis in the intestinal epithelium could
be therapeutic target for ulcerative colitis. The main active ingredient of indigo

naturalis may be indirubin.
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Abbreviation

AHR; Aryl Hydrocarbon Receptor

CYP1A1; Cytochrome P450 1a1

Cys; Cysteine

DMSO; Dimethyl sulfoxide

FICZ; 6-Formylindolo[3,2-b]carbazole

GABA; Gamma-aminobutyric acid

y-Glu-Cys; Gamma-glutamylcysteine

GCL; Glutamate-cysteine ligase

GCLC; Glutamate-cysteine ligase catalytic subunit
GCLM; Glutamate-cysteine ligase modifier subunit
GPX4; Glutathione peroxidase 4

GSH; Reduced glutathione

GSSG; Glutathione disulfide

GSTP1; Pi-class glutathione S-transferase

GIn; Glutamine

Glu; Glutamic acid

Gly; Glycine

HDACZ2; histone deacetylase 2

H202; Hydrogen peroxide

HO-1; Heme oxygenase-1



IN; Indigo naturalis

LC/MS; Liquid chromatography - mass spectrometry
MDA; Malondialdehyde

NADPH; Nicotinamide adenine dinucleotide phosphate
NRF2; Nuclear factor erythroid2-related factor2
PRDX2; Peroxiredoxin 2

ROS; Reactive oxygen species

PCR; Polymerase chain reaction

SELENBP1; Selenium binding protein 1

SOD1; Superoxide dismutase 1

SOD2; Superoxide dismutase 2

SRXN; Sulfiredoxin 1

Ser; Serine

TCDD; Tetrachlorodibenzo-para-dioxin

TNF; Tumor necrosis factor

TXN; Thioredoxin 1

TXNR; Thioredoxin reductase 1

UC; Ulcerative colitis



Introduction

Ulcerative colitis (UC) is characterized by chronic inflammation of the intestinal
tract. The incidence and prevalence of UC are increasing with time around the
world [1] [2].

Despite recent advancements in treatment options, a proportion of UC patients
still present with refractory cases. One nonstandard alternative therapeutic
approach is indigo naturalis, also known as Qingdai. The efficacy of indigo
naturalis is supported by literature, including randomized controlled trials which
demonstrated its effectiveness in UC patients [3] [4] [5] [6] [7]. Indigo naturalis
has been found to be effective even in patients who have failed to respond to
treatment with tumor necrosis factor (TNF) monoclonal antibodies [8] [9]. Indigo
naturalis shows a high remission induction rate ranging from 69.6% to 89.2%,
but some serious adverse effects, such as pulmonary hypertension [3] [10] [11],
and the active ingredients are yet to be fully understood. Indigo naturalis has
great potential for the treatment of UC by virtue of its ability to activate the Aryl
Hydrocarbon Receptor (AHR) [12]. AHR ligands include from the potentially
toxic tetrachlorodibenzo-para-dioxin (TCDD), to the in vivo ligand 6-
Formylindolo[3,2-b]carbazole (FICZ) [13]. Still, not all ligands are effective for
UC. Therefore, the mechanism by which indigo naturalis exerts its therapeutic
effect on UC remains elusive.

The underlying causes of UC remain largely obscure, yet the accumulation of
excessive reactive oxygen species (ROS) has been implicated in its
pathogenesis [14] [15] [16]. Ferroptosis is a ROS-dependent unique

programmed cell death linked to iron and lipid peroxidation accumulation [17].



The antioxidant system prevents ferroptosis, and reduced glutathione (GSH)
and glutathione peroxidase 4 (GPX4) are essential in inhibiting ferroptosis [17].
Despite evidence of elevated levels of ferroptosis-related proteins in UC
patients [18], little is known about whether ferroptosis plays a role in

pathogenesis of UC.

This study demonstrates that part of the efficacy of indigo naturalis in treating
UC is its ability to inhibit ferroptosis in intestinal epithelial cells through
activation of nuclear factor erythroid2-related factor2 (NRF2) downstream of
AHR. Our findings highlight the central role of indirubin as one of the major

active ingredients responsible for this effect.

Methods

Patients’ samples

In this study, biopsy specimens of the rectal epithelium from patients with UC
who were treated with indigo naturalis were samples from a previous
uncontrolled, open-label study [5], which was approved by the Clinical Trial
Review Committee of Kyushu University Hospital (registration number: 27067).
This previous study was registered at the University Hospital Medical
Information Network Center (UMIN Clinical Trials Registry, UMIN 000022575).
We specifically targeted the most inflamed rectal epithelium for endoscopic
biopsies. If ulcers were present in the rectum, we sampled rectal epithelium

from the margins of the ulcer to obtain glandular ducts, not necrotic tissue.



Specimens of the rectal mucosa from patients with UC who were treated with
TNF monoclonal antibodies were also from a previous observational study,
which was approved by the Clinical Ethics Review Committee of Kyushu
University Hospital (registration number: 2021-312). We selected samples of
each three patients with UC on treatment with indigo naturalis or TNF
monoclonal antibodies. These patients were retrospectively selected,
particularly those who had a favorable course of treatment one-year post-
intervention. These biopsy specimens were taken before treatment and one
year after treatment. All patients enrolled in these studies received and
reviewed the study information, and then voluntarily provided written informed
consent upon participation. They also consented to biopsy sample analysis at
the participation in these studies. This analysis was reviewed and approved by
the Ethics Review Committee of Kyushu University Hospital (registration
number: 2020-313). Brief clinical information about patients who provided
biopsy specimens is supported with Supplement table 3. In this study, we
followed STROBE guidelines.

Cell lines

The human colon cancer cell line, CaCo-2 (RCB0988), was provided by RIKEN
BRC through the National Bio-Resource Project of MEXT/AMED, Japan. Caco-
2 cells were cultured at 37°C in high glucose Dubelcco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1% Penicillin-Streptomycin.
Reagents

Indigo naturalis was purchased from Seishin-shoyakudo (Tokyo, Japan). Indigo

naturalis was dissolved in dimethyl sulfoxide (DMSO). If not stated, the final
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concentration of indigo naturalis was 0.1 %. Indigo, indirubin, and isatin were
purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Isoindigo was purchased
from Combi-blocks (San Diego, CA, USA). The final concentrations of reagents
were as follows: indigo: 10 uM; indirubin: 500 nM; isoindigo: 500 nM; isatin: 500
nM as previously described reports [3] [19]. Erastin 2 and ferrostatin-1 were
from Cayman Chemical (Ann Arbor, Ml, USA), and hydrogen peroxide (H202)
was from Nacalai Tesque (Kyoto, Japan). For ferroptosis analysis, 500 nM
ferrostatin-1 and 10 uM erastin 2 were used.

N counter analysis

We extracted RNA from formalin-fixed paraffin-embedded samples using an
RNA isolation kit (CELLDATA, Fremont, CA, America) after treatment with
deparaffinization solution (CELLDATA). We assessed gene expression levels
using 100 ng of total RNA by following the manufacturer's protocol (NanoString
Technologies, Seattle, WA, USA). We used the nCounter® Autoimmune
Profiling Panel (NanoString Technologies), which reads 770 mRNAs associated
with inflammation. The nCounter analysis entails the specific hybridization of
mRNA-targeted probes, followed by fluorescence detection from the probes
without amplification, facilitated by the nCounter system instrument. The
nCounter system can accurately quantify mRNA, even when derived from
formalin-fixed, paraffin-embedded samples.

Heat map

We created a heatmap by standardizing total mMRNA gene expression in each
sample. The heat map included 183 genes with individual Z-scores > 0.1 and P-

values > .1 for pre- and post-indigo naturalis treatment, pre- and post-TNF
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monoclonal antibody treatment, and post-indigo naturalis treatment and TNF
monoclonal antibody treatment. Heatmapper was used to create the heatmap
[20].

Reactome pathway analysis

We analyzed the mRNA expression data from n counter analysis using the
reactome pathway [21]. The selected genes in the analysis showed Z-scores >
0.1 for pre- and post-treatment with indigo naturalis and post-treatment with
TNF monoclonal antibody and indigo naturalis. The genes were further selected
if they showed P values <.05 for post-treatment of TNF monoclonal antibody
and indigo naturalis.

Volcano plot

The mRNA expression levels in patients with UC at pre- and post-treatment with
indigo naturalis, obtained using n counter analysis, are shown in a volcano plot.
We corrected for the same total number of mRNAs in individuals. The volcano
plot was generated for six patients with untreated UC and three patients after
treatment with indigo naturalis. The figure was created by bioinfokit v2.0.8
library [22].

Western blotting

Reagents were added to logarithmically growing CaCo-2 cells and incubated for
48 hours. These cells were incubated for 6 hours for the nuclear fraction. Cell
pellets had protein extracted with M-PER (Thermo Fisher Scientific, Waltham,
MA, USA) or N-PER (Thermo Fisher Scientific). The primary antibodies used
were as follows: anti-beta actin antibody (ab8227; Abcam, Cambridge, UK),

anti-Cytochrome P450 1a1 (CYP1A1) antibody (13241-1-AP; Proteintech,
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Rosemont, IL, USA) anti-histone deacetylase (HDAC?2) antibody (ab75602;
Abcam), anti-NRF2 antibody (ab137550; Abcam), anti-heme oxygenase-1 (HO-
1) antibody (10701-1-AP; Proteintech), anti-thiredoxin reductase 1 (TXNR)
antibody, (11117-1-AP; Proteintech), anti-glutamate-cysteine ligase modifier
subunit (GCLM) antibody (14241-1-AP; Proteintech)

Real-time polymerase chain reaction

Reagents were added to logarithmically growing CaCo-2 cells, incubated for 12
hours, and collected as cell pellets. The cell pellets were purified for RNA using
the Maxwell RSC simply RNA Tissue Kit (Promega, Madison, WI, USA). RNA
concentrations were measured using Qubit Fluorometer and Qubit RNA BR
Assay Kit (Thermo Fisher Scientific). Real-time polymerase chain reaction
(PCR) was performed using TB Green Premix Ex Tag™ Il (Tli RNaseH Plus)
(Takara Bio, Kusatsu, Japan) with the intercalator method, and the mRNA
concentration ratio to the control was measured using the 66 method [23]. Real-
time PCR analysis was performed using an Applied Biosystems QuantStudio 3
instrument (Thermo Fisher Scientific).

The primer sequences used were as follows: actin beta: forward,
TGGCACCCAGCACAATGAA and reverse,
CTAAGTCATAGTCCGCCTAGAAGCA; GCLM: forward,
CACAGCGAGGAGGAGTTTCC and reverse, ATCCAGCTGTGCAACTCCAA,;
TXNR: forward, CCATTGCCTGGCATTTGGTA and reverse,
AGCTTGCTTAGACCAGCACACAATA; HO-1: forward,
TTGCCAGTGCCACCAAGTTC and reverse, TCAGCAGCTCCTGCAACTCC;

superoxide dismutase 1 (SOD1): forward, CTGTACCAGTGCAGGTCCTC and
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reverse, CCAAGTCTCCAACATGCCTCT; superoxide dismutase 2 (SOD2):
forward, GCACTAGCATGTTGAGC and reverse,
TTGATGTGAGGTTCCAGGGC; sulfiredoxin-1 (SRXN): forward,
CTAAGACATTGTCCTGGCCCTCA and reverse,
TCTGGAATGTCCTACCTGGCCTA.

Cell death assay

CaCo-2 cells were seeded in 96-well plates at a density of 1.0 x 10* cells/cm?
and incubated for 48 hours. The growth medium was replaced with the medium
supplemented with DMSO, indigo naturalis, or reagents as a preincubation.
Twenty-four hours later, the medium used in the preincubation was replaced
with preincubated medium supplemented with DMSO or erastin 2. After another
24 hours of incubation in accordance with the manufacturer's protocol, the
absorbance at 450 nm was measured using the viable cell counting reagent SF
(Nacalai Tesque).

Observation of ROS using fluorescence

CaCo-2 cells were seeded in 96-well plates at a density of 2.0 x 10* cells/cm?
and incubated for 48 hours. The medium was replaced with DMSO, indigo
naturalis, or reagents as a preincubation. Twenty-four hours later, the medium
used in the preincubation was replaced with medium supplemented with DMSO
or erastin 2. After another 24 hours of incubation, we prepared ROS Assay Kit -
Highly Sensitive DCFH-DA- (Dojindo, Kumamoto, Japan) buffer and H342-
Cellstain Hoechst 33342 solution (Dojindo) was added to the buffer at a ratio of
400:1. Observation of fluorescence was performed using a microscope (BZ-

X700; Keyence, Tokyo, Japan) at a 20 x field of view. The relative fluorescence
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intensity for ROS was calculated by dividing the 525-nm fluorescence intensity
value of all pixels by the 460-nm fluorescence intensity value of all pixels.
MDA (malondialdehyde) assay

Preincubation of logarithmically growing CaCo-2 cells with DMSO, indigo
naturalis, or reagents was performed for 24 hours. Erastin 2 was then added,
and cell pellets were collected after 12 hours. After the cell pellets were
collected, we determined fluorescence intensity using an MDA assay kit
(Dojindo) in accordance with the manufacturer's protocol, using an excitation
wavelength of 540 nm, and emission wavelength of 590 nm. The fluorescence
intensity was corrected by protein content using a Protein Assay BCA Kit
(Nacalai Tesque), and the MDA concentrations were determined.
Immunofluorescence staining

We utilized formalin-fixed paraffin-embedded biopsy specimens for our study.
The primary antibodies employed were as follows: anti-CYP1A1 antibody
(13241-1-AP; Proteintech), anti-GCLM antibody (14241-1-AP; Proteintech), and
anti-GPX4 antibody (14432-1-AP; Proteintech). Each slide was examined using
a microscope (BZ-X700; Keyence) at a 40 x field of view. Several glands were
randomly selected, and their intestinal epithelium's average light intensity was
analyzed. The differentiation in light intensity before and after treatment in the
same patient was quantified as the differentiation of light intensity.

Liquid chromatograph-mass spectrometry

We used a rectal mucosa biopsy (6.4 mg) from a patient who was treated with

indigo naturalis for 8 weeks. We stored the sample at —80°C until

measurement. We washed the sample with phosphate-buffered saline, used a
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homogenizer under liquid nitrogen freezing, and when powdered, 100 ul of
DMSO was added. We centrifuged the sample at 2,000 x g for 10 minutes, and
the upper 94 pl of supernatant was collected. The above-mentioned extracts
were measured using liquid chromatograph-mass spectrometry (LC/MS). The
concentrations of indigo, indirubin, isoindigo, and isatin were determined.
Quantification was performed using a Waters Acquity H-Class system (Waters,
Milford, MA, USA) for preparative high performance liquid chromatography and
waters, ACQUITY UPLC BEH C18 (2.1 mm x 50 mm inner diameter, 1.7 ym
column) (Waters) for MS. Measurement data were analyzed with TargetLynx
(Waters). The above-mentioned measurements were performed at Preppers
(Hamamatsu, Japan).

Metabolomic analysis of CaCo-2 cells

CaCo-2 cells were spread in 10-cm dishes at a density of 2.0 x 10* cells/cm?
and incubated for 24 hours. Indigo naturalis or DMSO was then added to the
medium and incubated for another 24 hours. Erastin 2 or DMSO was added to
the medium and incubated for 12 hours. After culturing CaCo-2 cells, the
medium was removed and washed twice with mannitol. Methanol solution was
then added and stirred. Ultrapure water containing 10 uM of internal standard
(Human Metabolome Technologies, Tsuruoka, Japan) was added, stirred, and
centrifuged (2,300 x g, 4°C, 5 min). The filtrate dissolved in ultrapure water
again for measurement. Samples were measured using capillary
electrophoresis time-of-flight mass spectrometry by an Agilent CE-TOFMS

system (Agilent Technologies, Santa Clara, CA, USA), in cation and anion
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mode. In this study, analysis was performed on substances registered in the
HMT Metabolite Library.

Statistical analyses

Values are shown as the mean + standard error of the mean. Statistical
analyses were conducted using JMP 14 software (SAS Institute, Cary, NC,

USA).

Results

Treatment with indigo naturalis results in a different gene expression
pattern from TNF monoclonal antibody treatment.

Superficial biopsy tissue of rectal mucosal mMRNA expression in patients with
UC was analyzed to determine whether indigo naturalis is involved in specific
gene expression. Our findings indicate, as anticipated, a marked variation in
MRNA expression pre- and post-treatment, regardless of the intervention. The
alterations in mRNA expression following treatment resulted in a significant
grouping of six patients, with those treated with indigo naturalis exhibiting even
closer clustering than those treated with TNF monoclonal antibodies. The
MRNA expression of the six patients pre-treatment demonstrated a different
clustering pattern, implying that the administration of indigo naturalis and TNF
monoclonal antibodies may have elicited dissimilar mMRNA expression changes.
It is noteworthy that all patients were in remission from UC at the time of the
post-treatment sample collection (Figure 1A, Supplement table 1).

Subsequently, we analyzed the genes that demonstrated a propensity for
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differential expression in response to the mode of treatment. The expression of
genes corresponding to oxidative stress during treatment with indigo naturalis
was the most significant in pathway analysis (Figure 1B). We observed changes
in gene expression before and after treatment with indigonaturalis in a volcano
plot. mMRNA levels of antioxidant genes associated with NRF2 tended to be
upregulated. The antioxidant genes that were measurable in this study are as
follows: glutamate-cysteine ligase catalytic subunit (GCLC), thioredoxin (TXN),
peroxiredoxin 2 (PRDX2), selenium binding protein1 (SELENBP1), and pi-class

glutathione S-transferase (GSTP1) (Figure 1C) [24].
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Fig.1 Comparison of mMRNA expression between indigo naturalis and TNF

monoclonal antibody treatment.

A. Clustering analysis in individual gene expression of pre- and post-treatment

with indigo naturalis and pre- and post-treatment with TNF monoclonal

antibody. No1, No2, and No3 correspond to three patients each treated with
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indigo naturalis and TNF monoclonal antibody. Biopsies were taken from the
rectal superficial mucosa, and post-treatment specimens were obtained from
patients who have achieved full remission of UC.

B. Top five pathways shown by reactome pathway analysis.

C. Volcano plot of mRNA expression in patients with UC pre- and post-
treatment with indigo naturalis. GCLC, TXN, PRDX2, SELENBP1, and GSTP1
are glutathione thioredoxin antioxidant system-related genes that are regulated
by NRF2.

IN; Indigo naturalis, GCLC; Glutamate-cysteine ligase catalytic subunit, TXN;
Thioredoxin 1, PRDX2; Peroxiredoxin 2, SELENBP1; Selenium binding protein
1, NRF2; Nuclear factor erythroid2-related factor2, GSTP1; Pi-class glutathione

S-transferase

Indigo naturalis promotes the nuclear translocation of NRF2 in CaCo-2
cells and the expression of a group of antioxidant genes.

We speculate that indigo naturalis drives antioxidant genes. Indigo naturalis is
known as an AHR ligand, and certain AHR ligands modulate NRF2 [25-29].
NRF2 is a transcriptional regulator known as a master switch of antioxidant
genes, including the glutathione-thioredoxin antioxidant system [30]. NRF2 is
usually in the cytoplasm, and upon activation translocate into the nucleus for
transcriptional regulation. In CaCo-2 cells, indigo naturalis induces CYP1A1, a
target gene of AHR, and promoted nuclear translocation of NRF2 (Figure 2A).

Then, we evaluated the expression of GCLM and TXNR, which play critical role
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in the glutathione-thioredoxin antioxidant system [31] among NRF2 target
genes. Indigo naturalis upregulated gene expression of GCLM and TXNR at the
MRNA levels (Figure 2B). Indigo naturalis also upregulated gene expression of
HO-1 and SRXN at the mRNA levels. These genes are associated with ROS
[32] [33]. We also found that indigo naturalis increased protein levels of GCLM,

TXNR, and HO-1 (Figure 2C).
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Fig.2 Indigo naturalis upregulates NRF2 nuclear translocation and
expression of a group of antioxidant genes.
A. Western blot analysis of indigo naturalis treatment in CaCo-2 cells. Indigo

naturalis induces CYP1A1, a target gene of AHR (48 hours), and promotes
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nuclear translocation of NRF2 (6 hours). The blot represents one of three
independent experiments.

B. Real-time-PCR analysis of GCLM, TXNR, SRNX, HO-1, SOD1, and SOD2
(known to be regulated by NRF2) mRNAs levels after indigo naturalis treatment
in CaCo-2 cells. SOD1 and SOD2 mRNA expression was not upregulated (n =
3 independent experiments, each containing 3 to 4 biological replicates).
Tukey—Kramer’s multiple comparison test was used for the analysis.

C. Western blot analysis of HO-1, TXNR, and GCLM protein levels after indigo
naturalis treatment in CaCo-2 cells (48hours). This blot represents one of three
independent experiments.

IN; Indigo naturalis

Indigo naturalis inhibits erastin 2-induced ferroptosis in CaCo-2 cells.

We next examined the cytoprotective effect of increased antioxidant by indigo
naturalis. In CaCo-2 cells, indigo naturalis did not affect cell death in H202
treatment (Figure 3A). We confirmed cell death by erastin 2, which is an inducer
of ferroptosis inhibiting cystine uptake, and cell death was rescued by
ferrostatin-1, which is a specific inhibitor of ferroptosis in CaCo-2 cells (Figure
3B). Notably, Indigo naturalis treatment reduced erastin 2 induced cell death
(Figure 3C). Concentrations of MDA, which is a marker of lipid peroxide [34],
were elevated by erastin 2 treatment, but reduced by indigo naturalis treatment
in CaCo-2 cells (Figure 3D). Fluorescence microscopy showed that erastin 2-

induced ROS accumulation was suppressed with indigo naturalis treatment
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(Figure 3E, F). These results suggest that indigo naturalis hinders erastin 2-

induced ferroptosis in CaCo-2 cells.
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Fig.3 Indigo naturalis inhibits erastin 2-induced ferroptosis in CaCo-2
cells.

A. Relative number of viable cells treated with H202 and indigo naturalis in
CaCo-2 cells. There were no significant differences in any of the H202

concentrations between the two groups (n = 6 independent experiments).
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B. Relative number of viable cells treated with erastin 2 and ferrostatin-1 in
CaCo-2 cells. Ferrostatin-1 is a specific inhibitor of ferroptosis (n = 6
independent experiments).

C. Relative number of viable CaCo-2 cells treated with indigo naturalis or with
erastin 2 plus indigo naturalis (n = 6 independent experiments).

D. MDA concentrations with erastin 2 and indigo naturalis treatment in CaCo-2
cells (n = 4 independent experiments).

E. Representative fluorescence observations for intracellular ROS in CaCo-2
cells treated with indigo naturalis and erastin 2.

F. Relative fluorescence intensity ratio of ROS (n = = 10 independent
experiments).

Tukey—Kramer’s multiple comparison test was used for all analyses.

IN; Indigo naturalis

Indigo naturalis treatment increases GSH concentrations in CaCo-2 cells.
Glutathione metabolism regulates ROS, and GSH is the most important factor in
the inhibition of ferroptosis. GSH reduces oxidative stress and GSH changes to
the oxidized form glutathione disulfide (GSSG). Therefore, we examined
glutathione metabolism induced by treatment with indigo naturalis using
metabolomic analysis. Under normal conditions, indigo naturalis increased GSH
concentrations in CaCo-2 cells by 1.4 times higher than those treated with
controls. GSSG concentrations were unchanged with indigo naturalis treatment

(Figure 4A, Supplement table 2). Cystine is converted to cysteine (Cys), an
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essential component of GSH. Under ferroptosis conditions, as expected for
erastin 2 action, Cys and y-glutamylcysteine (y-Glu-Cys) were below detection
limits. Indigo naturalis increased GSH concentrations by 5.2 times higher than
those treated with controls, and GSSG also increased GSH concentrations by
1.6 times. These results suggested that indigo naturalis hindered GSH depletion

(Figure 4B, Supplement table 2).

These results also indicated that indigo naturalis induced a group of antioxidant
genes related to NRF2. Indigo naturalis reduced the accumulation of erastin 2-
induced ROS and regulated glutathione metabolism, which in turn suppressed

ferroptosis.
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Fig.4 Indigo naturalis treatment upregulates GSH expression in CaCo-2

cells.

A. Metabolomic analysis in control and indigo naturalis-treated CaCo-2 cells. A

metabolome pathway diagram of GSH and GSSG is shown (n = 3). The
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analysis revealed an elevation in the concentration of GSH upon stimulation
with indigo naturalis. The results of the experiment did not demonstrate a
corresponding increase in the levels of Cys or y-Glu-Cys, a component involved
in the synthesis of GSH. Student’s t-test was used for each comparison.

B. Metabolomic analysis in control and indigo naturalis treated CaCo-2 cells
under erastin 2 stimulation. A metabolome pathway diagram of GSH and GSSG
is shown (n = 3). Erastin 2 impedes cystine uptake; cystine is a dimer of two
Cys molecules. The presence of Cys and y-Glu-Cys was not observed upon
treatment with erastin 2. Nevertheless, simultaneous treatment with indigo
naturalis sustained GSH levels relative to erastin 2 treatment alone. Student’s t-
test was used for each comparison.

Pathways important in the synthesis of GSH are highlighted with red arrows.
The metabolome was measured in three independent samples each. Items that
were below the detection limit two or more times out of three samples are
indicated as not detectable (N.D.) in the metabolome pathway diagram.

IN; Indigo naturalis, y-Glu-Cys; Gamma-glutamylcysteine, Glu; Glutamic acid,
GIn; Glutamine, GSH; Reduced glutathione, GSSG; Glutathione disulfide,
GABA; Gamma-aminobutyric acid, Ser; Serine, Gly; Glycine, Cys; Cysteine,

NADPH; Nicotinamide adenine dinucleotide phosphate

Indigo naturalis treatment increases expression of CYP1A1 and GPX4 in

patients with UC.
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We analyzed the expression of proteins associated with ferroptosis in patients
with UC treated with indigo naturalis. For comparison, we evaluated samples
from patients treated with TNF monoclonal antibody. Immunofluorescent
staining was performed for CYP1A1, which is induced by AHR, and for GCLM
and GPX4, which play an important role in reduction of oxidized lipids. The UC
patients treated with indigo naturalis showed increased protein expression of
CYP1A1 in rectal mucosa. The change in GCLM expression was not significant,
but GPX4 expression was increased in the UC patients treated with indigo
naturalis. Patients who experienced remission through TNF monoclonal
antibodies did not change the expression levels of these proteins. The increased

expression of CYP1A1 and GPX4 suggested that indigo naturalis stimulates the

intestinal epithelium, which is more resistant to ferroptosis.
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Fig.5 Immunofluorescence staining showed indigo naturalis treatment

upregulates CYP1A1 and GPX4 expression in patient with UC.
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A. Representative immunofluorescence staining images of CYP1A1. The
observed mean enhancement in fluorescence intensity after the indigo
naturalis treatment was 8.6, contrasting with 0.0 after the TNF monoclonal
antibodies treatment. (P = 0.02)

B. Representative immunofluorescence staining images of GCLM. The
observed mean enhancement in fluorescence intensity after the indigo
naturalis treatment was 4.8, contrasting with -1.7 after the TNF monoclonal
antibodies treatment. (P = 0.12)

C. Representative immunofluorescence staining images of GPX4. The
observed mean enhancement in fluorescence intensity after the indigo
naturalis treatment was 11.4, contrasting with 1.0 after the TNF monoclonal
antibodies treatment. (P = 0.02)

For detailed clinical data of the patients and differentiation of light intensity,

please refer to Supplement table 3.

Indigo and indirubin inhibit erastin 2-induced ferroptosis in CaCo-2 cells.
The main ingredients of indigo naturalis were indigo, indirubin, isoindigo, and
isatin. We analyzed the ability of AHR activation, the translocation of NRF2 and
the downstream of antioxidant genes in these substrates. We found that indigo
and indirubin is the AHR ligands and translocated NRF2 into the nucleus
(Figure 6A). Real-time-PCR showed that indigo and indirubin upregulated
MRNA expression of GCLM, HO-1, TXNR, and SRXN, which are target genes

of NRF2 (Figure 6B). Additionally, the expression of these antioxidant proteins
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was increased with indigo and indirubin treatment (Figure 6C). We next
analyzed whether each ingredient of indigo naturalis inhibits ferroptosis. Indigo
and indirubin suppressed cell death by erastin 2-induced ferroptosis (Figure 6D)
and MDA accumulation (Figure 6E), and it also reduced ROS (Figure 6F and
6G). These results suggested that indigo and indirubin were cytoprotective

against ferroptosis.
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Fig.6 Indigo and indirubin promote the nuclear translocation of NRF2 and
the expression of a group of antioxidant genes in CaCo-2 cells.
A. Western blot analysis of indigo naturalis ingredients in CaCo-2 cells. Indigo

and indirubin induces CYP1A1, a target gene of AHR (48 hours), and showed
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nuclear translocation of NRF2 (6 hours). The blot represents one of three
independent experiments.

B. Real-time-PCR analysis of mRNA levels in CaCo-2 cells treated with indigo
naturalis ingredients. GCLM, TXNR, HO-1, SRNX, SOD1, and SOD2 are known
to be regulated by NRF2. Indigo and indirubin upregulated GCLM, TXNR, HO-1,
and SRNX. The mRNA expression levels of SOD1 and SOD2 were unchanged
(n = 3 independent experiments, each containing 3 to 4 biological replicates).

C. Western blot analysis of antioxidant protein levels after treatment of indigo
naturalis ingredients in CaCo-2 cells. Indigo and indirubin increased antioxidant
protein expression of HO-1, TXNR, and GCLM (48 hours). The blot represents
one of three independent experiments.

D. Relative number of viable CaCo-2 cells treated with erastin 2 and indigo
naturalis ingredients (n = 6 independent experiments).

E. MDA concentrations in CaCo-2 cells treated with erastin 2 and indigo
naturalis ingredients (n = 4 independent experiments).

F. Relative fluorescence intensity ratio of ROS (n = = 10 independent
experiments).

G. Representative fluorescence observations of intracellular ROS in CaCo-2
cells treated with indigo naturalis ingredients and erastin 2.

Tukey—Kramer’s multiple comparison test was used for all analyses.

Only indirubin and isoindigo are detected in the rectal mucosa of patients

treated with indigo naturalis.
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Indigo was not detected by LC/MS of rectal mucosa extract, and only indirubin
and isoindigo were detected (Figure 7A, 7B). This finding suggested that indigo
was poorly absorbed in the intestinal epithelium, and that the inhibitory effect of

indigo naturalis on ferroptosis was due to indirubin.
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Fig.7 Indirubin and isoindigo are detected in the rectal mucosa of patients
treated with indigo naturalis.

A. LC/MS waveforms for indigo naturalis ingredients in the sample extract
(blue).

B. Concentrations of indigo naturalis ingredients in the sample and

intraepithelial mucosa as estimated by mass spectrometry.

Discussion
Our study suggests that indigo naturalis and its ingredient, indirubin, inhibit

ferroptosis in the intestinal epithelium.
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Ferroptosis, a type of programmed cell death related to oxidative stress, is
exacerbated in the context of ulcerative colitis tissue [18]. This particular type of
cell death has been linked to conditions such as Alzheimer's disease [35],
amyotrophic lateral sclerosis [36], and psoriasis [37]. ROS has been identified
as a key factor in the pathogenic factor of UC [14] [15] [16]. Ferroptosis
accumulates lipid peroxidation, which is dependent on both iron and ROS levels
[17]. Elevated iron concentrations increase the susceptibility to ferroptosis and a
high iron diet may present a risk factor for the development of UC [38].
Suppressing ROS levels through the utilization of iron chelator has been
proposed as a possible therapeutic strategy for UC [39]. These results suggest
that ferroptosis plays a role in the pathogenesis of UC.

Several clinical studies have reported the effectiveness of indigo naturalis in
treating UC [3-7], but the detailed mechanism has remained elusive. The impact
of indigo naturalis is known to be mediated by AHR. AHR has been identified as
one of the genetic loci associated with susceptibility to UC through association
analysis [40]. AHR serves as a transcriptional regulator. The downstream genes
influenced by each AHR ligand exhibit diversity, and it is crucial to decipher the
cytoprotective consequences of the numerous downstream signaling alterations
in UC [41]. Indigo naturalis has been observed to induce the production of
interleukin-22 [12] and recruit regulatory T cells in the gut through AHR [42].
AHR activation has been documented to cause induction and differentiation of
regulatory T cells and inflammatory Th17 cells [43-45]. These observations
imply that the effectiveness of indigo naturalis in treating UC is not solely

attributed to the immunomodulatory properties of AHR. Given the reported
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capacity of AHR ligands to regulate intestinal tight junctions [28] and oxidant
stress [46], we focused on their protective effects on intestinal epithelial cells.
NRF2, a master regulator of antioxidant activity, is subject to regulation and
induction through the AHR [25-29] [47] [48]. In our study, indigo naturalis
upregulated the glutathione and thioredoxin system through the activation of
NRF2, which are involved in scavenging cellular ROS [31] [49]. The glutathione
and thioredoxin systems are strongly associated with the regulation of
ferroptosis [50] [51]. Among NRF2-related ROS scavenger, GSH is considered
to regulate ferroptosis directly by preventing the oxidation of polyunsaturated
fatty acids peroxide [52] [53]. In vitro, high levels of arachidonic acid, n-6
polyunsaturated fatty acids, increases the susceptibility to ferroptosis [53].
Generally, a Western diet and arachidonic acid is a possible risk factor for UC
[54-56]. The important aspect of our study is that indigo naturalis did not prevent
hydrogen peroxide-induced cell death but prevented ferroptosis-induced cell
death. Patients with UC have decreased plasma cystine and cysteine levels,
which are required for glutathione synthesis, and decreased GSH levels in
intestinal epithelial cells [57]. The relationship between nutritional changes and
ferroptosis in patients with UC needs further investigation. Our study showed
that indigo naturalis is implicated in not only oxidative stress but in the
ferroptosis pathway, and ferroptosis would play a role in the genesis of UC.

We examined the active ingredients in indigo naturalis in a CaCo-2 cells model.
Indigo and indirubin were responsible for the antioxidant and ferroptosis
inhibitory effects, while isoindigo and isatin had no effect. Suppression of

ferroptosis was also observed only with indigo and indirubin. Indigo was not
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detected in the LC/MS analysis of the rectal mucosa in patients taking indigo
naturalis. In a dextran sodium sulfate-induced mouse colitis model, oral
administration of indirubin rescued the mice from death, while oral
administration of indigo did not [58]. This would be attribute the low solubility
and minimal transferability of indigo into the body, as opposed to the solubility of
indirubin in alcohols, oils, and fats [59].

This study has some limitations, including the small sample size of human
biopsies obtained. Due to technical difficulties, human biopsies were obtained
from patients who were particularly well treated rather than from the entire
group of patients in the previous prospective comparative study. In previous
clinical trials, it has been observed that around 20-30% of patients did not
respond adequately to indigo naturalis treatment [3] [10] [11]. The Genome-
Wide Association Study has revealed that UC is a complex disease influenced
by multiple risk factors, such as epithelial barriers, innate immunity, antigen
presentation, and immune tolerance [40]. Our observed outcomes may come
from a specific type of UC that exhibits enhanced sensitivity to signal
modulation by indigo naturalis. Also, our report did not address immunization,
the effect on lymphocytes of the newly discovered mechanism by which indigo
naturalis suppresses ferroptosis. While our study is focused on epithelial cells, it
is worth noting that indigo naturalis has been shown to activate AHR in
hematopoietic cells. AHR ligands play a role in immune cell differentiation [43-
45]. Indigo naturalis explicitly induces FOX3+Treg cells and the production of
interleukin-22 [12, 42]. Previous study has demonstrated that the GPX4-

dependent neutralization of lipid peroxides protects regulatory T cells from
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ferroptosis, thereby sustaining their activation and function in immune regulation
[60]. While inhibiting ferroptosis of immune cells by indigo naturalis requires
further investigation, our findings demonstrate that indigo naturalis exerts its
influence not only on the immune system but also on the intestinal epithelium.
Currently, guidelines for the treatment of moderate to severe UC include TNF
monoclonal antibodies, anti-integrins, Janus kinase inhibitors and
immunomodulators [61], but these therapies occasionally can be challenging to
use due to the risk of immunosuppression or resistance to treatment. The
suppression of ferroptosis in the intestinal epithelium may be a new therapeutic

target for UC and further research is needed.
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