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Inflammatory bowel disease (IBD) is an idiopathic chronic inflammatory bowel
disease characterized by inflammation, intestinal barrier injury, and imbalance of
gut microbiota. Excess accumulation of reactive oxygen species (ROS) is closely
correlated with the development and reoccurrence of IBD. Previous researches
demonstrate that procyanidin, as a natural antioxidant, exhibits strong ability of
eliminating ROS, thus showing good therapeutic effects in the inflammation-
related diseases. Non-etheless, its poor stability and solubility always limits the
therapeutic outcomes. Here, we typically designed an antioxidant coordination
polymer nanoparticle using the engineering of procyanidin (Pc) and free iron (Fe),
named Pc-Fe nanozyme, for effectively scavenging ROS and further inhibiting
inflammation while altering the gut microbiome for the treatment of colitis.
Furthermore, in vitro experiments uncover that Pc-Fe nanoparticles exert
strong multi biomimic activities, including peroxidase, and glutathione
peroxidase, for the scavenging of ROS and protecting cells from oxidative
injury. In addition, the colon accumulation of Pc-Fe nanozyme effectively
protects the intestinal mucosa from oxidative damage while significantly
downregulates pro-inflammatory factors, repairs the intestinal barriers and
alternates gut microbiome after orally administrated in sodium dextran sulfate
(DSS) induced colitis mice. The results collectively illustrate that the multienzyme
mimicking Pc-Fe nanozyme owns high potential for treating IBD through
scavenging ROS, inhibiting inflammation, repairing gut barriers and alternating
gut microbiome, which further promising its clinical translation on IBD treatment
and other ROS induced intestinal diseases.
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inflammatory bowel disease (IBD), procyanidins, Pc-Fe nanoparticles (Pc-Fe), reactive
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1 Introduction

Chronic relapsing-remitting inflammatory bowel disease
(IBD) is characterized by bloody diarrhea and chronic pain,
weight loss, malabsorption of water and nutrients
(MacEachern et al.,, 2015; Schuster et al., 2015). Due to its
high prevalence rates, recurrence and intractability, IBD has
become a major economic burden and public health issue
globally (Sudabeh Alatab et al, 2020). Furthermore, patients
with IBD have an increasingly higher risk of developing
colorectal cancer (CRC), because chronic inflammation drove
neoplastic progression, and many molecular similarities have
been found between colitis-associated CRC and sporadic CRC
(Zahary et al., 2012). Recent studies have also demonstrated the
roles of the microbiome consistent with the host immune system
in the progress of colitis and colitis associated colorectal cancer
(CAC) (Cao P etal., 2019). While 5-aminosalicylic acid (5-ASA),
steroids and immunosuppressive drugs are widely utilized in
clinical practice for IBD treatment (Ungaro et al., 2019), their
clinical outcomes are greatly limited by side effects such as the
nausea, diarrhea, abdominal pain, moon face, buffalo waist etc
(Lowenberg and D’Haens, 2013; Mendell et al., 2020; Toffoli
et al., 2017). Therefore, the boost of effective and safe drugs for
IBD is urgently needed.

Recent studies have shown a strong correlation between
inflammatory diseases and reactive oxygen species (ROS)
(Fleming et al., 2019; Hsu et al,, 2022; Zhou et al., 2022). In the
process of acute inflammatory diseases, such as IBD, the
accumulation of ROS exacerbates localized tissue injury, leading
to long-lasting chronic inflammation, which increases the risk of
cancer (Liu et al., 2020). Additionally, abnormally high ROS levels
cause oxidative stress to both host cells and the gut microbiome
(Hall et al., 2017), though neutrophils kill the pathogenic bacteria
via the generation of ROS (Jorgensen et al., 2017). Furthermore,
trimethylamine-N-oxide, a choline-derived metabolite produced
by the gut microbiome, increases ROS production in a dose and
time-dependent manner by inhibiting ATG16L1 and LC3- II (Yue
et al,, 2017). Active ingredients in traditional Chinese medicine,
such as polyphenols, alkaloids, quinones, and terpenoids, alleviate
IBD through a multi-target mechanism with rare adverse reactions
(Cao SY etal.,2019). As one of the natural phenols, procyanidin is
widely distributed in various traditional Chinese medicinal
materials (Baselga-Escudero et al., 2014), while exhibiting
strong antioxidant and free radical elimination abilities,
relieving edema, improving hypoxia and defending radiation
(Bak et al., 2016; Han et al., 2019; Chen et al., 2021; Yan et al.,
2022). Therefore, procyanidin has become a research hotspot in
inflammatory diseases related to ROS. For instance, procyanidin
promoted cell autophagy, activated Nrf2 signaling pathway and
inhibited activation of NLRP3 inflammasome, inhibiting ROS
accumulation, thus can be utilized in the treatment of fatty
liver, Parkinson’s Disease and renal damage (Yang et al,, 2011;
Cao P et al, 2019; Chen et al, 2021). Besides, procyanidins
B2 could repair damaged gut barriers and inhibit colitis-
associated tumorigenesis via the suppression of oxidative stress
in colitis mice (Zhu et al., 2021). What’s more, Chen et al. (2017)
found that procyanidin ameliorates experimental colitis in mice
via reducing ROS signaling in macrophages. The reduced ROS
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signaling downregulates MMP9 expression, thereby suppress NF-
kB signaling and interrupt the formation of the
NLRP3 inflammasome (Chen et al., 2017). To sum up, though
the procyanidin has promising therapeutic potentials for IBD
treatment, its clinical applications is always limited for the
instability and poor solubility.

Excitingly, stable complexes can be formed between metal
ions and HO-C groups of natural antioxidants including
curcumin, quercetin and gallic acid, which therefore improves
their water solubility and stability. Additionally, the increased
stability and solubility of these antioxidants enhance their
efficiency in removing free radicals from tissues and reducing
inflammation as well (Zhang et al., 2021). Hence, we designed a
kind of engineering coordination polymer nanoparticles (Pc-Fe
NPs) formed by procyanidin and free iron (Fe) ions via the
connection of coordinate covalent bond (Figure 1A). Compare
with procyanidin, Pc-Fe exhibited ideal stability and solubility,
which further improving the bioavailability. The results of our
study confirm the excellent antioxidative ability and multi-
biomimic activity of Pc-Fe NPs. Besides, Pc-Fe NPs enhances
cellular resistance to H,O,-induced oxidative stress. Remarkably,
we observe that the symptoms of IBD are significantly
ameliorated and abnormally alleviated colon inflammation
returned to normal after orally gavage of Pc-Fe on DSS-
induced colitis mice (Figure 1B). In addition, Pc-Fe also
reshapes the gut microbiome and may exert the potential
benefits for the IBD treatment. According to our study,
coordination polymer nanoparticles based on natural
antioxidant products and metal ions have a promising future
in the clinical translation on the treatment of IBD and other ROS

related intestinal diseases.

2 Experimental section
2.1 Materials

Procyanidin (MW 594.52, P823328) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
Dextran sulfate sodium salt (DSS, MW 36,000-50,000 Da,
216011090) was purchased from MP Biomedicals. The dialysis
bag (3500 Da, MD3544) was provided by Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Iron chloride hexahydrate
(FeCl;#6H,0, MW 270.3, F102739) and 5-Aminosalicylic acid
(MW 168.15, A129982) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Polyvinylpyrrolidone (PVP, MW
29,000, PVP 360) and methanol were purchased from Sigma-
Aldrich (St. Louis, Mo, United States). The CCK-8 cell viability
(CCKS8, (C0039) was
Biotechnology (Shanghai, China).

Thirty healthy male 4-week-old C57BL/6] mice (20 + 2 g) were
purchased from Huachuang Sino Medical Technology Co., Ltd.

assay kit obtained from Beyotime

(Jiangsu, China). The mice were bred and maintained under specific
pathogen-free (SPF) conditions, and all mouse procedures were
conducted according to institutional animal care guidelines. The
Shanghai Tenth People’s Hospital Laboratory Animal Ethics
Committee approved this study (License no. SHDSYY-2022-
KY3206).
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(A) The synthesis procedure of Pc-Fe and (B) schematic illustration of IBD relief with Pc-Fe. (B) During the process of acute inflammation (left part),

the levels of ROS increased and harmful bacteria may attach to the injured intestinal epithelium, which inhibit commensal microbes to colonize and make
function and destroy the gut barrier by up-regulating pro-inflammatory factors. After Pc-Fe intervention (right part), the levels of ROS decreased and
probiotics Acidimicrobiia increased, which alleviated the progression of acute intestinal inflammation through down-regulating the pro-

inflammatory factors, and expelling potential pathogenic bacteria.

2.2 Methods

2.2.1 Preparation of Pc-Fe nanoparticles
Preparation of Pc-Fe was performed according to a
previously (Zhang et al, 2021).
Polyvinylpyrrolidone (PVP) (66 mg) was dissolved in 5mL of
methanol solution. FeCl;06H,0 (20 mg) was dissolved in 1 mL of
methanol. Procyanidin (10 mg) was dissolved in 1 mL methanol.
The methanol solution of FeCl;#6H,0 was added drop by drop to
the methanol solution of PVP, and the mixture was stirred at a

reported method

speed of 300rpm for 5min. The methanol solution of
procyanidin was then added drop by drop to the solutions
containing iron and PVP, and the mixture was stirred at a
speed of 300 rpm for 3h at room temperature. To obtain the
final product, the above synthetic products were dialyzed in pure
water for 12 h.

2.2.2 Characterizations of Pc-Fe

The morphology and elemental composition of Pc-Fe were
observed using a transmission electron microscope (FEI Talos
F200X, Thermo Fisher Scientific, United States). The changes in
absorption spectra during the preparation of Pc-Fe were
evaluated using a UV/Vis spectrophotometer (UV-2600i,
SHIMADZU, Japan). The Pc-Fe was analyzed by a Fourier-
transform infrared (FT-IR) instrument (Thermo Scientific
Nicolet iS20, United States), with a range of 400-4,000 cm™'.
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The hydrodynamic size and zeta potential of the Pc-Fe were
measured by ZSU3100 (Malvern
United Kingdom). X-ray photoelectron spectroscopy (XPS)

Instruments, Malvern,
spectra of Pc-Fe were obtained using Thermo Scientific’s
K-Alpha (United States). Thermogravimetry analysis (TGA) is
done from 28.68 to 600°C, with a heating rate of 10°C on
PerkinElmer STA 8000 (PerkinElmer, United States).

2.2.3 Stability of Pc-Fe at light condition

The stability of the Pc-Fe at light condition was evaluated by
a UV/Vis spectrophotometer (UV-2600i, SHIMADZU, Japan)
ZSU3100
United Kingdom). Pc-Fe was dispersed in pure water. UV/Vis

and (Malvern Instruments, Malvern,
absorption spectra of the sample solutions were recorded at 0,
24, 48, 72, 96, and 120 h. Hydrodynamic sizes of Pc-Fe in pure
water, phosphate buffer saline (PBS), Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum, were

recorded at 0, 24, 48, 72, 96, and 120 h.

2.2.4 OH scavenging activity of Pc-Fe

An OH scavenging activity test was conducted using the TMB
chromogenic method. In the Fenton reaction, H,O, and Fe**
oxidized TMB (oxTMB) with a
650 nm. Therefore, the
concentration of remaining OH can be determined via

combine to generate

characteristic ~ absorption  at

monitoring the absorption at 650 nm of oxTMB. The working
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test solutions were divided into three groups which contained
250 uM TMB, 1 mM FeSOy; 250 uM TMB, 10 mM H,0,, 1 mM
FeSO,; and 250 uM TMB, 10 mM H,0,, 1 mM FeSO, and Pc-Fe
respectively. The preparation took place in the dark and resting
took place for 15min. Afterward, the color changes of the
solutions were observed and the absorbance peaks at 650 nm
of solutions at 15, 30, 45, and 60 min were monitored with a UV-
vis spectrophotometer.

2.2.5 Cell culture

NCM460 cell line (the colon normal epithelial cell line,
BEN608006385) and Caco2 cell line (the human colonic
carcinoma cell line, BFN60800651) were obtained from the
Chinese Academy of Sciences’ Cell Bank. We cultured
NCM460 and Caco2 in DMEM supplemented with 10% FBS and
1% penicillin-streptomycin at 37°C in a 5% CO, incubator.

2.2.6 Cell safety evaluation and antioxidant activity

Cell safety evaluation and antioxidant activity of Pc-Fe were
tested on NCM460 and Caco2 cell lines. For safety evaluation, we
seeded 5,000 cells per well in 96-well plates and incubated them
overnight to ensure cell attachment. The cell culture medium was
replaced with fresh media containing various concentrations of
Pc-Fe (0, 0.001, 0.01, 0.1, 1, 10, 100 and 1,000 pg/mL), and
incubated for 24 h. Using a microplate reader (SpectraMax
United States),
measured at 450 nm (reference = 650 nm) to determine cell

iD5, Molecular Devices, absorbance was
viability. Pc-Fe antioxidant activity was tested in 96-well
plates by seeding cells at 5,000 cells per well and incubated
overnight. The medium was replaced by fresh medium
containing various concentrations of Pc-Fe (0, 0.1, 1, 10, and
100 pg/mL) before incubated for 24 h. Then H,0, and Fe** were
added to well with final concentrations of 200 uM and 40 uM,
respectively, and incubated for 24 h. Cell viability was measured.
In these experiments, untreated cells and medium served as
controls. Data are expressed as mean + SEM.

2.2.7 Animals experiments

A total of 20 mice were divided into four groups randomly
(5 mice in each group), namely, PBS, DSS + PBS, DSS+5-ASA and
DSS + Pc-Fe. Acute colitis mice models were established by
adding 3% Dextran Sulfate Sodium (DSS) to the drinking
water for 7 days, except for the PBS group (Birchenough et al,
2016). The PBS group and DSS + PBS group were given orally
200 uL PBS. 200 puL 5-ASA (100 mg/kg) or 200 uL Pc-Fe
(100 mg/kg) per mouse per day were orally administered to
candidates in the DSS+5-ASA group or DSS + Pc-Fe group
respectively. Each day, the mice’s physiological status and
body weight were recorded. Fecal and anal status were
observed, and the disease activity index (DAI) was calculated.
On the 7th day, the mice were sacrificed and dissected. We
collected feces and colon sections from each group of mice,
and measured the colon length in each one.

2.2.8 In vivo toxicity assessment

Ten male C57BL/6] mice (20 + 2 g) were divided into two
groups randomly, including the PBS group and the Pc-Fe group
(five mice per group). The mice were orally gavaged with 200 uL
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of PBS or of Pc-Fe (100 mg/kg) per mouse per day for seven
consecutive days and their weights were recorded daily. On the
7th day, their blood was collected and delivered for blood
biochemical evaluations after the mice were sacrificed.
Additionally, the major organs, including the heart, liver,
spleen, lung, and kidney were collected and fixed for

histopathological staining.

2.2.9 Histopathological examination

The colon tissues were fixed in a 4% paraformaldehyde
solution after sacrificing the mice and paraffin-embedded
sections were stained with H&E and Masson’s trichrome to
determine tissue morphology. Based on previously published
methods, a board-certified pathologist blinded examined cecal
samples to determine pathology scores (Zhang et al., 2015).
Evaluation criteria were as follows: Epithelium (E): 0, normal
morphology, 1, goblet cell loss, 2, goblet cell loss in large areas, 3,
loss of crypts, 4, loss of crypts in large areas. The infiltration (I)
score is (I): 0, no infiltration; 1, infiltration around crypt base; 2,
infiltration related to the L. muscularis mucosae; 3, extensive
infiltration observed both in the L. muscularis and thickening of
the mucosa; 4, whole L. submucosa infiltration. The total
histological score is defined as the sum of the epithelium and
infiltration score (total score = E + I) (Obermeier et al., 1999).
The activities of IL-6, MPO and TNF-a were measured by
immunohistochemistry. Immunohistochemistry assays in
colon tissues were performed following the method reported
2014).

analysis was done on paraffin-embedded mouse intestine.

previously (Khare et al, Immunohistochemistry
Serial tissue sections (4 um) Swiss rolls were stained for IL-6
(Abcam, United States, ref#ab233706), MPO (Abcam,
United  States, ref#ab208670) and TNF-a  (Abcam,
United States, ref#ab270264) using standard procedures. We
dried slides, de-waxed them in xylol, and then rehydrated
them using decreasing alcohol concentrations. A 15% H,O,
to block
peroxidase, followed by 10 mM citrate buffer. After that, a
0.2% horse serum, 3% BSA solution in TRIS buffer was used
to block slides. The anti-IL-6, MPO, TNF-a and biotinylated goat
antibodies were incubated overnight at 4°C, followed by the

solution in methanol was used endogenous

avidin-biotin-HRP complex. Using DAB, the staining was
visualized and hematoxylin was used to counterstain the
nuclei. Histofluid was used to embed dehydrated slides.
Pathologists blindly examined cecal sections from a board-
certified pathologist to count the IL-6, MPO, and TNF
positive cells.

2.2.10 Gut microbiota 16S rDNA sequencing assay

We prepared fecal samples according to the manufacturer’s
instructions and extracted the DNA from them as previously
stated (Kong et al, 2021; Zhu et al, 2022). We examine DNA
samples using a Nanodrop 2000 UVvis spectrophotometer (Thermo
Scientific, Wilmington, MA, United States) and 1% agarose gel
electrophoresis. Amplicon PCR system was used to amplify 16S
rDNA’s V3 + V4 region using barcode specific primers. In order to
detect PCR products, 2% agarose gel electrophoresis was used,
followed by gelation and recovery using an AxyPrep DNA gel
Biosciences, Union City, CA,

recovery kit  (Axygen
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FIGURE 2

Synthesis and characterizations of Pc-Fe. (A) Physical drawing of Pc-Fe at room temperature for 7 days. (B) TEM images of Pc-Fe. (C) The UV-vis
absorbance spectra of FeCl;®6H,0, procyanidins and Pc-Fe. (D) FTIR spectra of procyanidins and Pc-Fe samples. (E) EDS element mapping analysis of C,
O, and Fe in Pc-Fe. (F) Size distribution of Pc-Fe in pure water. (G) Zeta potential of Pc-Fe.

United States). The primer sequence was 341F:5’-  quantified and homogenized, then sequenced using Illumina
CCTACGGGNGGCWGCAG-3’; 806R: 5'- NovaSeq PE250 (San Diego, CA, United States). R (v3.5.1) was
GGACTACHVGGGTATCTAAT-3". DNA  samples  were used for statistical analysis.
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Characterizations of Pc-Fe. (A) Thermogravimetric analysis of Pc-Fe. (B) XPS spectra of Fe in Pc-Fe. (C) Size distributions of Pc-Fe in pure water at 0,
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colorless and transparent; TMB + H,O, is dark blue; TMB + H,O,+Pc-Fe is pale blue. (F) The UV-vis absorbance spectra of TMB with Pc-Fe.

2.2.11 Statistical analysis

The mean +SEM was used to express the data. A statistical
analysis was conducted using the GraphPad Prism 8.0 software (CA,

Frontiers in Chemistry

United States). The significance of differences among three or more
groups was assessed using a one-way ANOVA analysis. Statistical
significance was indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.
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3 Results and discussion

3.1 Synthesis and characterizations of Pc-Fe
nanoparticles

The schematic of the three-step fabrication process for obtaining
the Pc-Fe nanoparticles was shown in Figure 1A. Ferric ions were
added to procyanidin methanol solutions to form Pc-Fe
nanoparticles before PVP was added to this solution in order to
facilitate nanoparticle growth and improve their dispersion in water
according to previous report (Gong et al., 2016). The procyanidin
phenol groups were successfully coordinated with ferric ions in the
solution, evidenced by that its color changed from brownness to
deep dark (Figure 2A). To remove the excessive ferric ions, the
solution was dialyzed against pure water overnight. The synthesized
nanoparticles were then transferred to pure water. After being kept
at room temperature for 7 days, Pc-Fe still dispersed well in water,
indicating the good solubility and stability (Figure 2A). We further
explored the physical properties of Pc-Fe. The size and morphology
of nanoparticles were shown in the TEM image, the size of Pc-Fe was
about 12 nm (Figure 2B). According to UV/Vis absorption spectra
result, the characteristic absorption peak of Pc-Fe nanoparticles
appeared at 220 nm, which was different with the counterparts in
FeCl;#6H,0 or procyanidin alone, indicating the successful
preparation of Pc-Fe nanoparticles (Figure 2C) (Shen et al,
2020). In the FTIR spectra of Pc-Fe, the decreased infrared
intensity at 1,150-1,200 cm™' (HO-C stretching band) indicated
that Fe’* and HO-C groups of procyanidin were successfully
coordinated (Figure 2D) (Zhang et al., 2021). The corresponding
element mapping showed that Pc-Fe contained the elements of C, O,
and Fe, which further witnessed the successful preparation of Pc-Fe
(Figure 2E). Dynamic light scattering (DLS) results convinced that
Pc-Fe had a hydrodynamic diameter of about 25 nm, slightly larger
than the size observed through TEM results (Figure 2F). Such
differences might due to the minor difference between size
distribution data obtained by DLS and the results estimated via
the TEM images (Chen et al, 2015). The American Society of
Testing Materials (ASTM) has declared that the zeta potential is
closely related to the degree of dispersion and stability of materials,
and the zeta potential measure is an effective evaluative method for
material stability (Yin et al., 2013). Therefore, the zeta potential of
Pc-Fe was tested and the surficial zeta potential for Pc-Fe was
about -25 mV, endowing the nanodot good water dispersibility
(Figure 2G). Encouraged by the successful synthesis of Pc-Fe NPs,
the molecular composition of Pc-Fe NPs was further identified.
Based on thermogravimetry analysis, the molar ratio of procyanidin
to ferric ions was 3:1 (Figure 3A). The XPS spectrum revealed that
the 711 eV and 724 eV binding energy peaks can be attributed to Fe
2p3/2 and 2p1/2 of Fe (III), respectively, indicating that ferric ions
are in a stable oxidative state (Zhang et al., 2021) (Figure 3B). As the
major composition of Pc-Fe, poor light stability restricts the
application of procyanidin, so the light stability of Pc-Fe was
tested. Figures 3C, D showed the rare change for the size
distributions and UV/Vis absorption spectra of Pc-Fe from 0 to
120 h, suggesting the good light stability of Pc-Fe. The peroxidase
(POD) mimicking ability of PC-Fe was then investigated and the
TMB chromogenic method was used to test the OH scavenging
activity of Pc-Fe. As a neutral substance, TMB can be oxidized to the
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blue 0x-TMB in the presence of peroxide, such as H,O, and ROS
generated by the reaction of Fe** and H,O, (Liu et al., 2018). During
the same time, compared to dark blue solution containing TMB, Fe**
and H,0,, the color of solution consisting of TMB, Fe**, H,0, and
Pc-Fe, was pale blue, indicating that Pc-Fe has excellent reactive
oxygen species scavenging ability (Figure 3E). Accordingly, the
special absorbance peak of ox-TMB is at 650 nm, and the value
at 650 nm of solution consisting TMB, Fe**, H,0, and Pc-Fe was
lower than that of solution containing TMB, Fe** and H,0,, which
further convinced the results above (Figure 3F). Based on the results
mentioned before, we confirmed that Pc-Fe nanozyme synthesized
was a kind of tiny and stable nanoparticles with antioxidant capacity.

3.2 In vitro safety evaluation and antioxidant
activity studies

We further explored the cell safety and antioxidant activity of
Pc-Fe. The cytotoxicity of the Pc-Fe nanoparticles was tested on
NCM460 and Caco2 cell lines via cell counting kit-8 (CCK-8) assay.
Both cell lines did not show significant changes in cell viability after
exposure to Pc-Fe at the tested concentrations demonstrating the
lack of cytotoxic effects (Figures 4A, B). Then, the antioxidant
activity of Pc-Fe in NCM460 and Caco2 cell lines was measured.
Due to the oxidative damage induced by H,O,, the cell viabilities in
both cell lines decreased after incubated with H,O, at 200 uM for
4 h. However, such tendency was reversed by the addition of Pc-Fe
under non-cytotoxic conditions, and the protect effect of Pc-Fe was
strengthen with the increasing concentration of Pc-Fe added
(Figures 4C, D), indicating that Pc-Fe effectively protected colon
epithelial cells from ROS, induced injures, and such effect was
increased with the increasing of concentration. We hypothesized
such benefits might largely owned to the multienzyme mimicking
activities of Pc-Fe nanoparticles. Thus, the intracellular level of total
antioxidant capacity and glutathione peroxidase (GPx) were further
investigated after the Pc-Fe or 5-ASA treatment. As shown in
Figure 4E, Pc-Fe observably upregulated the intracellular total
antioxidant capacity compared to control group or 5-ASA
group. Additionally, compared with the control group or 5-ASA,
Pc-Fe significantly increased intracellular GPx (Figure 4F). Such
results convinced that the total antioxidant capacity and GPx
mimicking ability of Pc-Fe nanoparticles was stronger than 5-
ASA, and could explain the protection effect for oxidative
damage, which was in correlation with previous research (Turk
etal., 2017). In addition, the anti-ROS ability of Pc-Fe was estimated
in vitro by laser scanning confocal microscopy (LSCM). 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA)
immunofluorescence staining was used to evaluate the
intracellular ROS scavenging capability of Pc-Fe. DCFH was
hydrolyzed from DCFH-DA by the intracellular esterase, before
DCF that emitting green fluorescence intensity was generated by the
reaction of intracellular ROS and DCFH (Chen H et al., 2019). Thus,
the green DCF fluorescence intensity was in line with the
intracellular ROS level. The appearance of strong green intensity
in H,O, group demonstrated the excess ROS generation after the co-
incubation of 200 pM H,O, for 4 h in Caco2 cells, which was in line
with previous reports. While rare green intensity was observed in
both control group and Pc-Fe group, indicating that the Pc-Fe
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FIGURE 4

Cell safety evaluation and antioxidant activity of Pc-Fe. (A,B) Cell viability of NCM460 and Caco? cells after Pc-Fe incubation. (C,D) Cell viability of
NCM460 and CaCo, cells under H,O, with Pc-Fe. (E,F) The total antioxidant capacity and cellular glutathione peroxidase (GPx) of cell with Pc-Fe. (G)

Confocal microscope images of Pc-Fe for eliminating ROS.

treatment significantly reduced the intracellular (Figure 4G). To sum
up, the in vitro studies further confirmed the Pc-Fe NPs protected
cells from the excessive oxidative damage, mainly through its
multienzyme mimicking capacity, as well as the good cellular
biocompatibility of Pc-Fe.

3.3 Therapeutic effects of Pc-Fe
nanoparticles in DSS induced colitis mice

Encouraged by the in vitro results, we then evaluated the
therapeutic effect in colitis mice. The DSS-induced colitis model
is broadly used in researches of IBD (Czarnewski et al., 2019).
Colitis mice model were established using 3% DSS dissolved in
drinking water (Chassaing et al., 2014; Wang et al., 2020).
Weight, fecal character and general condition are main
parameters used for evaluation of enteritis severity (Ozkul
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et al., 2020). Mice treated with PBS showed normal behavior
(feeding, grooming, and social interactions) with smooth hair,
normal fecal characteristics, stable body weight gaining and a
DAI index nearing zero. However, the DSS + PBS mice tended to
maintain a hunched position, developing sparse hair growth, and
decreasing food and water intake, indicating the successful
establishment of colitis mice model. Previous report
convinced that mice exposed to DSS developed colitis with
decreased body weights, increased disease active index (DAI),
and shorten colons (Hwang et al., 2016), thus we further analyzed
the changes of body weight, DAT index and colon length to fully
evaluate the clinical outcomes of 5-ASA and Pc-Fe treatment. As
shown in Figure 5A, the body weights of mice in all groups
remained stable during the first 3 days and began to decrease
from the fourth day. On the fourth day, significant weight loss
was observed in both the DSS + PBS group and DSS+5-ASA

group. Differently, no obvious weight loss was observed in the
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Pc-Fe alleviates UC in the DSS-induced colitis model. (A) Body weight of mice in each group for 7 days. (B) The DAI score in each group. (C)
Representative images of the colon in the PBS group, the DSS + PBS group, the DSS+5-ASA group and the DSS + Pc-Fe group on 7th day. (D) Colon length
shown as a chart. (E) The HDI scores in each group based on inflammatory cell infiltration and mucosal damage under microscopic observation. TMB is
colorless and transparent; TMB + H,0O, is dark blue; TMB + H,O,+Pc-Fe is pale blue. (F) Representative images of the anus in the PBS group, the DSS

+ PBS group, the DSS+5-ASA group and the DSS + Pc-Fe group on 7th day. . One-way ANOVA test was utilized, and data were shown as mean + SEM. *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

DSS + Pc-Fe group (p < 0.001) (Figure 5A), indicating that Pc-Fe
exceeded 5-ASA in inhibiting the weight loss in colitis mice.
Furthermore, Further, the severity of colitis was evaluated by
DAT scores of all mice as previous described (Ge et al., 2018). The
DALI index of the DSS + PBS group remained stable during the
first 2 days, while increased from the third day, and remained
constant for the following 4 days. Compared with the DSS + PBS
group, the DAI index of the DSS+5-ASA group kept at a
relatively low level and was significantly decreased on the
seventh day (p < 0.01), which was consistent with previous
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reports (Zhu et al., 2022). Moreover, significantly decreased
DAI index was observed in DSS + Pc-Fe group comparing to
DSS + PBS group and DSS+5-ASA group, which indicated the
Pc-Fe surpassed 5-ASA for the alleviation of the colitis
activation, demonstrating the stronger therapeutic outcomes
of Pc-Fe for treating colitis comparing to 5-ASA (Figure 5B).
The changes of colon length, therefore, reflected the severity of
colitis and the therapeutic efficacy (Jackson et al., 2018). As
shown in Figures 5C, D, the colon length was significantly
shortened after DSS treatment, which could be remarkably
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Histopathological examination of Pc-Fe. (A) Representative image of colon tissue stained with H&E from each group. (B) Immunofluorescence
staining image of mice. Sections of tissue were stained with IL-6 and MPO and TNF-a from each group.

revised by the Pc-Fe (p < 0.001). Meanwhile, compared to
DSS+5-ASA, the colon length of the DSS + Pc-Fe group was
longer (p < 0.05). In addition, from the fifth day, mice in the DSS
+ PBS group presented with diarrhea and hematochezia and mice
in the DSS+5-ASA group showed minor diarrhea and
hematochezia, while no obvious sign of diarrhea or
hematochezia was observed in the DSS + Pc-Fe group mice
(Figure 5F). According to these results, we illustrated that Pc-
Fe significantly alleviated the symbols of DSS-induced colitis,
and its therapeutic efficiency was obviously better than that of

5-ASA.

3.4 The effects of Pc-Fe nanoparticles on
colon pathological characteristics in DSS-
induced colitis

The intestinal barrier structure and the severity of colonic
inflammation of mice were further evaluated via H&E staining
and immunohistochemistry (IHC) staining, respectively (Chen Q
et al,, 2019). Compared to the PBS group, tissue section in the
DSS + PBS group showed significantly mucosal erosion,
ulceration, occurrence, inflammatory cell infiltrations, and loss
of crypts (red arrows represent inflammatory cells infiltrations,
and cryptloss) (Figure 6A), indicating the sever disease activity in
control group. Meanwhile, though no obvious inflammatory cell
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infiltration was seen, there still remained mucosal erosions and
inflammatory cells infiltrations in the colon section of DSS+5-
ASA group (red arrows showed mucosal erosion), indicating the
relief of colitis. The DSS + Pc-Fe group had few inflammatory cell
invasions compared to the DSS + PBS group, demonstrating that
Pc-Fe ameliorated inflammatory cell infiltration of colitis.
Besides, in the DSS + Pc-Fe group, the lumen and secretions
were clearly visible, and no obvious shedding or disordered
arrangement of tissue cells was seen, demonstrating the
potential benefits of Pc-Fe for repairing gut barriers. To better
understand the disease activity of each group, the histopathology
scores were analyzed. And the result showed that the histological
score of the DSS + Pc-Fe group was significantly lower than the
counterparts in DSS + PBS group ((p < 0.001) or DSS+5-ASA
group (p < 0.001), showing the therapeutic effect of Pc-Fe was
better than 5-ASA (Figure 5E). Recent studies showed that excess
accumulated ROS
pathways and increased the production of pro-inflammatory
factors (Donato et al., 2018), which in turn initiated the
production of excess ROS (Alharthi et al., 2020). Therefore,
we typically evaluated the expression of IL-6, MPO and TNF-

activated  inflammatory transcription

a, which were reported to be the pro-inflammatory factors and
the inflammation statement indicators for colitis, in colon tissue
sections (Saleh et al., 2019; Singh et al., 2019). As shown in
Figure 6B, the DSS + Pc-Fe group showed significantly lower IL-
6, MPO and TNF-a expressions compared to the DSS + PBS
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In vivo toxicity assessment of Pc-Fe. (A—E) Blood hematological analysis of mice after oral administration with Pc-Fe. (Data is shown as mean + SEM).
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group.

group and 5-ASA group, suggesting that Pc-Fe could remarkably
inhibit the inflammation statement in DSS-induced colitis. As a
result, ROS-scavenging Pc-Fe nanozymes alleviated the DSS
induced colitis, decreased the levels of proinflammatory
factors levels, and potentially improved the gut barriers.

3.5 Safety evaluation of Pc-Fe

The safety of Pc-Fe was evaluated by blood biochemistry and
histopathological examinations. Liver and kidney are the major
organs that regulate absorption, distribution, metabolism and
excretion of drugs (Sprowl et al., 2016). After 7 days’ gavage of
PBS or Pc-Fe, the mice were sacrificed and a serious of
biochemical parameters of liver or kidney, including blood
urea nitrogen, creatinine, alkaline phosphatase, glutamic-
pyruvic transaminase and aspartate aminotransferase were
tested. The liver function markers (alkaline phosphatase,
glutamic-pyruvic transaminase and aspartate
aminotransferase) and kidney function markers (creatinine
and blood urea nitrogen) in the Pc-Fe treated mice were
within the normal range, showing no significant difference
with those in the PBS treated group (Figures 7A-E).
Additionally, compared to PBS group, no obvious adverse
effects on the tissue sections of major organs, including heart,
liver, spleen, lung, and kidney were observed in mice treated with
Pc-Fe (Figure 7F). Thus, nanoparticles were considered safe for

C57BL/6] mice.
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3.6 The regulatory effect of Pc-Fe on the gut
microbiome

Gut microbiome play an important role in the progress of IBD
(Ananthakrishnan et al., 2017). So, the 16S rDNA sequence of the gut
microbiome was used to investigate the gut microbiome alternation
after different treatments. According to the principal coordinate (PCA)
analysis based on weighted UniFrac distance, the composition of gut
microbiota differed significantly among the groups (Figure 8A).
Bacteroidetes were more abundant in DSS + PBS group at the
phylum level, but decreased in the DSS + Pc-Fe group (PBS: 20%,
DSS + PBS: 24.6%, DSS+5-ASA: 24.26%, DSS + Pc-Fe: 10.66%), while
that of Proteobacteria was significantly increased in the DSS + Pc-Fe
group (PBS: 5.56%, DSS + PBS: 9.48%, DSS+5-ASA: 17.06%, DSS + Pc-
Fe: 35.59%) (Figure 8B). Previous studies revealed that Bacteroidetes
display higher relative abundance in the colonic mucosae of UC patients
(Lucke et al, 2006). Additionally, compared to the PBS group
Firmicutes was less abundant in DSS + PBS group, DSS+5-ASA
group and DSS + Pc-Fe group (PBS:40.05%, DSS + PBS: 22.71%,
DSS+5-ASA: 25.78%, DSS + Pc-Fe: 17%). At the genus level, a higher
relative abundance of Bacillus and Corynebacterium-1 was observed in
the DSS + PBS group, while a decreased tendency was observed in the
DSS + Pc-Fe group (PBS: 41.98%, DSS + PBS: 56.3%, DSS+5-ASA:
44.34%, DSS + Pc-Fe: 10.66%; PBS: 0.69%, DSS + PBS: 3.04%, DSS+5-
ASA: 194%, DSS + Pc-Fe: 0.01%, individually). Meanwhile,
Lactobacillus abundance was decreased in the DSS + PBS group,
DSS+5-ASA group and DSS + Pc-Fe group as compared with the
PBS group (PBS: 32.26%, DSS + PBS: 11.93%, DSS+5-ASA: 8.06%, DSS
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Diversity and composition of gut microbiota. (A) Weighted Unifrac PCoA analysis was utilized to distinguish bacterial clustering. The component
proportion of the microbiome at the phylum (B) and genus level (C) among groups was shown. The relative abundance of genera difference was identified
via the Wilcoxon rank-sum test. The phylogenetic distribution in the PBS group, the DSS + PBS group, the DSS+5-ASA group and the DSS + Pc-Fe group

was illustrated with a cladogram (D) and a histogram (E).

+ Pc-Fe: 8.75%) (Figure 8C). In total, Pc-Fe reshaped the gut
microbiome of DSS-induced IBD mice. Further, using LEfSe
analysis, the different groups were analyzed to determine their key
elements. Bacillus, which has been reported to inhibit inflammation and
enhance gut barrier function, was significantly reduced by DSS
the genus Notably, previous
demonstrated that the abundance of Bacillus was related to the
alleviation of colitis (Zhu et al, 2022), which potentially illustrated
the underlying mechanisms for Pc-Fe alternating gut microbe and

treatment  at level. research

alleviating colitis. Moreover, the major composition of the microbiome
in the Bacillus,
Gammaproteobacteria, Enterobacteriales, and Frankiales, in contrast
with the dominant bacteria in the DSS+5-ASA group were

DSS + Pc-Fe group were, Acidimicrobiia,

Coriobacteriales, Bacteroides-vulgatus, Atopobiaceae and Kurthia.
(Figures 8D, E). These results suggested that Pc-Fe reshaped the gut
microbiome of DSS induced colitis mice by increasing the relative
abundance of Bacillus, Proteobacteria, and Acidimicrobiia, which
therefore potentially relieved intestinal inflammation and promoted
intestinal function recovery.

In summary, given the poor stability and solubility of procyanidin,
we prepared Pc-Fe in a simple and cost-effective way, making it
favorable for future practical applications. With small nanoparticle
size, Pc-Fe exhibited excellent stability and solubility compared to
procyanidin. Pc-Fe retains the ability to eliminate ROS from
procyanidin, thus downregulating the levels of pro-inflammatory
cytokines. Importantly, the synergistic effectiveness of Pc-Fe in
simultaneously eliminating ROS and modulating microbiota
homeostasis in the colonic microenvironment provided significant
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therapeutic efficacy against DSS-induced IBD. But the potential
mechanisms of how Pc-Fe treat IBD need further exploration.
Additionally, the safety of Pc-Fe needs further evaluation before
clinical applications, and the therapeutic effects need to be tested in
other diseases associated with inflammation.

4 Conclusion

In this study, a stable Pc-Fe nanozymes mimicking the activities of
POD and GPx for the development of anti-oxidative system that could
be utilized in the elimination of various ROS was proposed and
engineered. A serious of in vitro investigations further observed that
Pc-Fe performed ideal cellular protecting effect against oxidative
damages, typically, the ROS scavenging and multienzyme mimicking
capacity. In vivo studies also discovered that with high biocompatibility,
Fc-Pe nanozyme not only alleviated the symptoms and improved the gut
barrier function, but also achieved the inflammation inhibition and the
anti-oxidative damage protecting. Further investigations identified that
the inflammation regulation and gut microbiome regulation severed as
the potential mechanism for the admirable therapeutic outcomes of Pc-
Fe nanozymes on DSS-induced colitis models, especially in the aspect of
pro-inflammatory cytokine downregulation, reducing inflammatory cell
infiltration, and reshaping the gut microbiome dysbiosis. Therefore, the
engineering Pc-Fe nanozyme we synthesized possessing the excellent
ROS scavenging ability, advanced inflammation inhibition performance,
admirable gut microbiome alternation effect, and ideal biocompatibility
could function as an emerging antioxidant drug with high therapeutic
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performance for colitis treatment, and other oxidative damage related
intestinal diseases.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/-
PRJNA900208.

Ethics statement

The animal study was reviewed and approved by Ethics
Committee of Shanghai Tenth People’s Hospital affiliated to
Tongji University.

Author contributions

The experiments were performed and the manuscript was drafted
by YC and XW. SL and JD play a role in data collection and analysis. YZ
helped with the insightful discussions and polishing the manuscript. YL
and HQ designed and supervised this study. All authors contributed to
the article and approved the submitted version.

Funding

This work is supported by The National Natural Science
Foundation of China (grant no. 81972221).

References

Alharthi, J., Latchoumanin, O., George, J., and Eslam, M. (2020). Macrophages in
metabolic associated fatty liver disease. World J. Gastroenterol. 26, 1861-1878. doi:10.
3748/wjg.v26.i16.1861

Ananthakrishnan, A. N,, Luo, C, Yajnik, V., Khalili, H., Garber, J. J., Stevens, B. W,, et al.
(2017). Gut microbiome function predicts response to anti-integrin biologic therapy in
inflammatory bowel diseases. Cell. Host Microbe 21, 603-610.e3. doi:10.1016/j.chom.2017.04.010

Bak, M. ], Truong, V. L, Ko, S. Y., Nguyen, X. N, Ingkasupart, P., Jun, M., et al. (2016).
Antioxidant and hepatoprotective effects of procyanidins from wild grape (vitis amurensis)
seeds in ethanol-induced cells and rats. Int. J. Mol. Sci. 17, 758. doi:10.3390/ijms17050758

Baselga-Escudero, L., Blade, C,, Ribas-Latre, A., Casanova, E., Sudrez, M., Torres, J. L.,
etal. (2014). Resveratrol and EGCG bind directly and distinctively to miR-33a and miR-
122 and modulate divergently their levels in hepatic cells. Nucleic Acids Res. 42,
882-892. doi:10.1093/nar/gkt1011

Birchenough, G. M., Nystrom, E. E.,, Johansson, M. E., and Hansson, G. C. (2016). A
sentinel goblet cell guards the colonic crypt by triggering Nlrp6-dependent
Muc2 secretion. Science 352, 1535-1542. doi:10.1126/science.aaf7419

Cao, P, Zhang, Y., Huang, Z., Sullivan, M. A, He, Z., Wang, J., et al. (2019). The
preventative effects of procyanidin on binge ethanol-induced lipid accumulation and
ROS overproduction via the promotion of hepatic autophagy. Mol. Nutr. Food Res. 63,
€1801255. doi:10.1002/mnfr.201801255

Cao,S. Y., Ye,S. ], Wang, W. W,, Wang, B., Zhang, T., and Pu, Y. Q. (2019). Progress

in active compounds effective on ulcerative colitis from Chinese medicines. Chin. J. Nat.
Med. 17, 81-102. doi:10.1016/S1875-5364(19)30012-3

Chassaing, B., Aitken, J. D., Malleshappa, M., and Vijay-Kumar, M. (2014). Dextran
sulfate sodium (DSS)-induced colitis in mice. Curr. Protoc. Immunol. 104,
15.25.1-15.25.14. doi:10.1002/0471142735.im1525s104

Chen, Y., Tang, C., Zhang, J., Gong, M., Su, B., and Qiu, F. (2015). Self-assembling
surfactant-like peptide A6K as potential delivery system for hydrophobic drugs. Int.
J. Nanomedicine 10, 847-858. doi:10.2147/1JN.S71696

Frontiers in Chemistry

13

10.3389/fchem.2023.1089775

Acknowledgments

We thank Wuhan Servicebio Biotechnology Co., Ltd. for the
help of histopathological examination, routine blood test and blood
We grateful to Guangzhou
Genedenovo Biotechnology Co., Ltd. for assisting in sequencing

biochemical evaluations. are
and bioinformatics analysis. The schematic diagram (Figure 1) was

created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1089775/
full#supplementary-material

Chen, L., You, Q., Hu, L,, Gao, J., Meng, Q., Liu, W,, et al. (2017). The antioxidant
procyanidin reduces reactive oxygen species signaling in macrophages and ameliorates
experimental colitis in mice. Front. Immunol. 8, 1910. doi:10.3389/fimmu.2017.01910

Chen, J., Chen, Y., Zheng, Y., Zhao, J., Yu, H., Zhu, ], et al. (2021). Protective effects
and mechanisms of procyanidins on Parkinson’s disease in vivo and in vitro. Molecules
26, 5558. doi:10.3390/molecules26185558

Chen, H., Xu, H, Luo, L, Qiao, L., Wang, Y., Xu, M,, et al. (2019). Thalidomide
prevented and ameliorated pathogenesis of crohn’s disease in mice via regulation of
inflammatory response and fibrosis. Front. Pharmacol. 10, 1486. doi:10.3389/fphar.
2019.01486

Chen, Q,, Liu, T. Z,, Chen, S. X, Luo, Y., Ma, M., Xue, F. F,, et al. (2019). Targeted
therapeutic-immunomodulatory nanoplatform based on noncrystalline selenium. ACS
Appl. Mater. Interfaces 11, 45404-45415. doi:10.1021/acsami.9b15774

Czarnewski, P., Parigi, S. M., Sorini, C., Diaz, O. E., Das, S., Gagliani, N, et al. (2019).
Conserved transcriptomic profile between mouse and human colitis allows
unsupervised patient stratification. Nat. Commun. 10, 2892. doi:10.1038/s41467-019-
10769-x

Donato, A.J., Machin, D. R., and Lesniewski, L. A. (2018). Mechanisms of dysfunction
in the aging vasculature and role in age-related disease. Circ. Res. 123, 825-848. doi:10.
1161/CIRCRESAHA.118.312563

Fleming, A. M., Zhu, J., Howpay Manage, S. A., and Burrows, C. J. (2019). Human
NEIL3 gene expression regulated by epigenetic-like oxidative DNA modification. J. Am.
Chem. Soc. 141, 11036-11049. doi:10.1021/jacs.9b01847

Ge, X,, Chen, Z, Xu, Z, Lv, F,, Zhang, K., and Yang, Y. (2018). The effects of
dihydroartemisinin on inflammatory bowel disease-related bone loss in a rat model.
Exp. Biol. Med. (Maywood, N.J.) 243, 715-724. doi:10.1177/1535370218769420

Gong, J., Steinsultz, N., and Ouyang, M. (2016). Nanodiamond-based nanostructures
for coupling nitrogen-vacancy centres to metal nanoparticles and semiconductor
quantum dots. Nat. Commun. 7, 11820. doi:10.1038/ncomms11820

frontiersin.org


https://www.ncbi.nlm.nih.gov/
http://BioRender.com
https://www.frontiersin.org/articles/10.3389/fchem.2023.1089775/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2023.1089775/full#supplementary-material
https://doi.org/10.3748/wjg.v26.i16.1861
https://doi.org/10.3748/wjg.v26.i16.1861
https://doi.org/10.1016/j.chom.2017.04.010
https://doi.org/10.3390/ijms17050758
https://doi.org/10.1093/nar/gkt1011
https://doi.org/10.1126/science.aaf7419
https://doi.org/10.1002/mnfr.201801255
https://doi.org/10.1016/S1875-5364(19)30012-3
https://doi.org/10.1002/0471142735.im1525s104
https://doi.org/10.2147/IJN.S71696
https://doi.org/10.3389/fimmu.2017.01910
https://doi.org/10.3390/molecules26185558
https://doi.org/10.3389/fphar.2019.01486
https://doi.org/10.3389/fphar.2019.01486
https://doi.org/10.1021/acsami.9b15774
https://doi.org/10.1038/s41467-019-10769-x
https://doi.org/10.1038/s41467-019-10769-x
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1161/CIRCRESAHA.118.312563
https://doi.org/10.1021/jacs.9b01847
https://doi.org/10.1177/1535370218769420
https://doi.org/10.1038/ncomms11820
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1089775

Chang et al.

Hall, A. B., Yassour, M., Sauk, J., Garner, A,, Jiang, X., Arthur, T., etal. (2017). A novel
Ruminococcus gnavus clade enriched in inflammatory bowel disease patients. Genome
Med. 9, 103. doi:10.1186/s13073-017-0490-5

Han, S., Gao, H., Chen, S., Wang, Q,, Li, X,, Du, L. J,, et al. (2019). Procyanidin
A1 alleviates inflammatory response induced by LPS through NF-kB, MAPK, and Nrf2/
HO-1 pathways in RAW264.7 cells. Sci. Rep. 9, 15087. doi:10.1038/s41598-019-51614-x

Hsu, N. Y., Nayar, S., Gettler, K., Talware, S., Giri, M., Alter, L, et al. (2022). NOX1 is
essential for TNFa-induced intestinal epithelial ROS secretion and inhibits M cell
signatures. Gut 72, 654-662. doi:10.1136/gutjnl-2021-326305

Hwang, S. S., Jang, S. W, Kim, M. K., Kim, L. K,, Kim, B. S,, Kim, H. S,, et al. (2016).
YY1 inhibits differentiation and function of regulatory T cells by blocking
Foxp3 expression and activity. Nat. Commun. 7, 10789. doi:10.1038/ncomms10789

Jackson, R., Kroehling, L., Khitun, A., Bailis, W, Jarret, A, York, A. G,, et al. (2018).
The translation of non-canonical open reading frames controls mucosal immunity.
Nature 564, 434-438. doi:10.1038/s41586-018-0794-7

Jorgensen, I, Rayamajhi, M., and Miao, E. A. (2017). Programmed cell death as a
defence against infection. Nat. Rev. Immunol. 17, 151-164. doi:10.1038/nri.2016.147

Khare, V., Lang, M., Dammann, K., Campregher, C., Lyakhovich, A., and Gasche, C.
(2014). Modulation of N-glycosylation by mesalamine facilitates membranous
E-cadherin expression in colon epithelial cells. Biochem. Pharmacol. 87, 312-320.
doi:10.1016/j.bcp.2013.10.021

Kong, C,, Yan, X,, Liu, Y., Huang, L, Zhu, Y., He, J., et al. (2021). Ketogenic
diet alleviates colitis by reduction of colonic group 3 innate lymphoid cells through
altering gut microbiome. Signal Transduct. Target Ther. 6, 154. doi:10.1038/s41392-
021-00549-9

Liu, Y., Naha, P. C,, Hwang, G., Kim, D., Huang, Y., Simon-Soro, A., et al. (2018).
Topical ferumoxytol nanoparticles disrupt biofilms and prevent tooth decay in vivo via
intrinsic catalytic activity. Nat. Commun. 9, 2920. doi:10.1038/s41467-018-05342-x

Liu, T., Xiao, B,, Xiang, F., Tan, J., Chen, Z., Zhang, X, et al. (2020). Ultrasmall
copper-based nanoparticles for reactive oxygen species scavenging and alleviation of
inflammation related diseases. Nat. Commun. 11, 2788. doi:10.1038/s41467-020-
16544-7

Lowenberg, M., and D’Haens, G. (2013). Novel targets for inflammatory bowel
disease therapeutics. Curr. Gastroenterol. Rep. 15, 311. d0i:10.1007/s11894-012-0311-3

Lucke, K., Miehlke, S., Jacobs, E., and Schuppler, M. (2006). Prevalence of Bacteroides
and Prevotella spp. in ulcerative colitis. J. Med. Microbiol. 55, 617-624. doi:10.1099/
jmm.0.46198-0

MacEachern, S.]., Patel, B. A., Keenan, C. M., Dicay, M., Chapman, K., McCafferty, D.
M., et al. (2015). Inhibiting inducible nitric oxide synthase in enteric glia restores
electrogenic ion transport in mice with colitis. Gastroenterology 149, 445-455.¢3. doi:10.
1053/j.gastro.2015.04.007

Mendell, J. R., Sahenk, Z., Lehman, K., Nease, C., Lowes, L. P., Miller, N. F., et al.
(2020). Assessment of systemic delivery of rAAVrh74. MHCK?7.micro-dystrophin in
children with duchenne muscular dystrophy: A nonrandomized controlled trial. JAMA
Neurol. 77, 1122-1131. doi:10.1001/jamaneurol.2020.1484

Obermeier, F., Kojouharoff, G., Hans, W., Scholmerich, J., Gross, V., and Falk, W.
(1999). Interferon-gamma (IFN-gamma)- and tumour necrosis factor (TNF)-induced
nitric oxide as toxic effector molecule in chronic dextran sulphate sodium (DSS)-
induced colitis in mice. Clin. Exp. Immunol. 116, 238-245. doi:10.1046/j.1365-2249.
1999.00878.x

Ozkul, C,, Ruiz, V. E., Battaglia, T., Xu, J., Roubaud-Baudron, C., Cadwell, K., et al.
(2020). A single early-in-life antibiotic course increases susceptibility to DSS-induced
colitis. Genome Med. 12, 65. doi:10.1186/s13073-020-00764-z

Saleh, M. M., Frisbee, A. L., Leslie, J. L., Buonomo, E. L., Cowardin, C. A., Ma, J. Z.,
et al. (2019). Colitis-induced Th17 cells increase the risk for severe subsequent
Clostridium difficile infection. Cell. Host Microbe 25, 756-765.¢5. doi:10.1016/j.
chom.2019.03.003

Schuster, A. T., Homer, C. R, Kemp, J. R., Nickerson, K. P., Deutschman, E., Kim, Y.,
et al. (2015). Chromosome-associated protein D3 promotes bacterial clearance in
human intestinal epithelial cells by repressing expression of amino acid transporters.
Gastroenterology 148, 1405-1416.e3. doi:10.1053/j.gastro.2015.02.013

Frontiers in Chemistry

14

10.3389/fchem.2023.1089775

Shen, C., Wang, L., Zhang, H., Liu, S., and Jiang, J. (2020). An electrochemical
sandwich immunosensor based on signal amplification technique for the determination
of alpha-fetoprotein. Front. Chem. 8, 589560. doi:10.3389/fchem.2020.589560

Singh, R., Chandrashekharappa, S., Bodduluri, S. R., Baby, B. V., Hegde, B., Kotla, N.
G., et al. (2019). Enhancement of the gut barrier integrity by a microbial metabolite
through the Nrf2 pathway. Nat. Commun. 10, 89. doi:10.1038/s41467-018-07859-7

Sprowl, J. A, Ong, S. S., Gibson, A. A, Hu, S, Du, G, Lin, W,, et al. (2016). A
phosphotyrosine switch regulates organic cation transporters. Nat. Commun. 7, 10880.
doi:10.1038/ncomms10880

Sudabeh Alatab, S. G. S., Kevin Ikuta, H. V., Catherine Bisignano, S. S., Anahita
Sadeghi, M. R. N., Amir Abdoli, H. A., Vahid Alipour, M. A. H. A, et al. (2020). The
global, regional, and national burden of inflammatory bowel disease in 195 countries
and territories, 1990-2017: A systematic analysis for the global burden of disease study
2017. lancet. Gastroenterology hepatology 5,17-30. doi:10.1016/S2468-1253(19)30333-4

Toffoli, G., Sharma, M. R., Marangon, E., Posocco, B., Gray, E., Mai, Q., et al. (2017).
Genotype-guided dosing study of FOLFIRI plus bevacizumab in patients with
metastatic colorectal cancer. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 23,
918-924. doi:10.1158/1078-0432.CCR-16-1012

Turk, B. R,, Theisen, B. E., Nemeth, C. L., Marx, J. S., Shi, X., Rosen, M., et al. (2017).
Antioxidant capacity and superoxide dismutase activity in adrenoleukodystrophy.
JAMA Neurol. 74, 519-524. doi:10.1001/jamaneurol.2016.5715

Ungaro, R. C,, Limketkai, B. N, Jensen, C. B., Allin, K. H., Agrawal, M., Ullman, T.,
et al. (2019). Stopping 5-aminosalicylates in patients with ulcerative colitis starting
biologic therapy does not increase the risk of adverse clinical outcomes: Analysis of two
nationwide population-based cohorts. Gut 68, 977-984. doi:10.1136/gutjnl-2018-
317021

Wang, X,, Cao, Z., Zhang, M., Meng, L., Ming, Z., and Liu, J. (2020). Bioinspired oral
delivery of gut microbiota by self-coating with biofilms. Sci. Adv. 6, eabb1952. doi:10.
1126/sciadv.abb1952

Yan, R, Wang, H,, Zhu, J., Wang, T., Nepovimova, E., Long, M., et al. (2022).
Procyanidins inhibit zearalenone-induced apoptosis and oxidative stress of porcine
testis cells through activation of Nrf2 signaling pathway. Food Chem. Toxicol. Int.
J. Publ. Br. Industrial Biol. Res. Assoc. 165, 113061. doi:10.1016/j.fct.2022.113061

Yang, H, Xu, Z., Liu, W.,, Deng, Y., and Xu, B. (2011). The protective role of
procyanidins and lycopene against mercuric chloride renal damage in rats. Biomed.
Environ. Sci. BES 24, 550-559. doi:10.3967/0895-3988.2011.05.015

Yin, H., Luo, J., Yang, P., and Yin, P. (2013). Aqueous solution synthesis of reduced
graphene oxide-germanium nanoparticles and their electrical property testing.
Nanoscale Res. Lett. 8, 422. doi:10.1186/1556-276X-8-422

Yue, C,, Yang, X,, Li, ], Chen, X,, Zhao, X., Chen, Y., et al. (2017). Trimethylamine N-oxide
prime NLRP3 inflammasome via inhibiting ATGI6L1-induced autophagy in colonic
epithelial cells. Biochem. Biophys. Res. Commun. 490, 541-551. doi:10.1016/j.bbrc.2017.06.075

Zahary, M. N, Kaur, G., Abu Hassan, M. R,, Singh, H., Naik, V. R,, and Ankathil, R.
(2012). Germline mutation analysis of MLH1 and MSH2 in Malaysian Lynch syndrome
patients. World J. Gastroenterol. 18, 814-820. doi:10.3748/wjg.v18.i8.814

Zhang, S., Ermann, J., Succi, M. D., Zhou, A., Hamilton, M. J., Cao, B, et al. (2015). An
inflammation-targeting hydrogel for local drug delivery in inflammatory bowel disease.
Sci. Transl. Med. 7, 300ra128. doi:10.1126/scitranslmed.aaa5657

Zhang, R., Cheng, L., Dong, Z., Hou, L., Zhang, S., Meng, Z., et al. (2021). Ultra-small
natural product based coordination polymer nanodots for acute kidney injury relief.
Mater. Horizons 8, 1314-1322. doi:10.1039/d0mh00193g

Zhou, ], Li, M., Chen, Q., Li, X,, Chen, L., Dong, Z., et al. (2022). Programmable probiotics
modulate inflammation and gut microbiota for inflammatory bowel disease treatment after
effective oral delivery. Nat. Commun. 13, 3432. doi:10.1038/s41467-022-31171-0

Zhu, X,, Tian, X,, Yang, M,, Yu, Y., Zhou, Y., Gao, Y., et al. (2021). Procyanidin
B2 promotes intestinal injury repair and attenuates colitis-associated tumorigenesis via

suppression of oxidative stress in mice. Antioxid. Redox Signal. 35, 75-92. doi:10.1089/
ars.2019.7911

Zhu, Y., Xu, Y., Wang, X,, Rao, L, Yan, X, Gao, R,, et al. (2022). Probiotic cocktail
alleviates intestinal inflammation through improving gut microbiota and metabolites in
colitis mice. Front. Cell. Infect. Microbiol. 12, 886061. doi:10.3389/fcimb.2022.886061

frontiersin.org


https://doi.org/10.1186/s13073-017-0490-5
https://doi.org/10.1038/s41598-019-51614-x
https://doi.org/10.1136/gutjnl-2021-326305
https://doi.org/10.1038/ncomms10789
https://doi.org/10.1038/s41586-018-0794-7
https://doi.org/10.1038/nri.2016.147
https://doi.org/10.1016/j.bcp.2013.10.021
https://doi.org/10.1038/s41392-021-00549-9
https://doi.org/10.1038/s41392-021-00549-9
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1038/s41467-020-16544-7
https://doi.org/10.1038/s41467-020-16544-7
https://doi.org/10.1007/s11894-012-0311-3
https://doi.org/10.1099/jmm.0.46198-0
https://doi.org/10.1099/jmm.0.46198-0
https://doi.org/10.1053/j.gastro.2015.04.007
https://doi.org/10.1053/j.gastro.2015.04.007
https://doi.org/10.1001/jamaneurol.2020.1484
https://doi.org/10.1046/j.1365-2249.1999.00878.x
https://doi.org/10.1046/j.1365-2249.1999.00878.x
https://doi.org/10.1186/s13073-020-00764-z
https://doi.org/10.1016/j.chom.2019.03.003
https://doi.org/10.1016/j.chom.2019.03.003
https://doi.org/10.1053/j.gastro.2015.02.013
https://doi.org/10.3389/fchem.2020.589560
https://doi.org/10.1038/s41467-018-07859-7
https://doi.org/10.1038/ncomms10880
https://doi.org/10.1016/S2468-1253(19)30333-4
https://doi.org/10.1158/1078-0432.CCR-16-1012
https://doi.org/10.1001/jamaneurol.2016.5715
https://doi.org/10.1136/gutjnl-2018-317021
https://doi.org/10.1136/gutjnl-2018-317021
https://doi.org/10.1126/sciadv.abb1952
https://doi.org/10.1126/sciadv.abb1952
https://doi.org/10.1016/j.fct.2022.113061
https://doi.org/10.3967/0895-3988.2011.05.015
https://doi.org/10.1186/1556-276X-8-422
https://doi.org/10.1016/j.bbrc.2017.06.075
https://doi.org/10.3748/wjg.v18.i8.814
https://doi.org/10.1126/scitranslmed.aaa5657
https://doi.org/10.1039/d0mh00193g
https://doi.org/10.1038/s41467-022-31171-0
https://doi.org/10.1089/ars.2019.7911
https://doi.org/10.1089/ars.2019.7911
https://doi.org/10.3389/fcimb.2022.886061
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1089775

	Engineered procyanidin-Fe nanoparticle alleviates intestinal inflammation through scavenging ROS and altering gut microbiom ...
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Methods
	2.2.1 Preparation of Pc-Fe nanoparticles
	2.2.2 Characterizations of Pc-Fe
	2.2.3 Stability of Pc-Fe at light condition
	2.2.4 OH scavenging activity of Pc-Fe
	2.2.5 Cell culture
	2.2.6 Cell safety evaluation and antioxidant activity
	2.2.7 Animals experiments
	2.2.8 In vivo toxicity assessment
	2.2.9 Histopathological examination
	2.2.10 Gut microbiota 16S rDNA sequencing assay
	2.2.11 Statistical analysis


	3 Results and discussion
	3.1 Synthesis and characterizations of Pc-Fe nanoparticles
	3.2 In vitro safety evaluation and antioxidant activity studies
	3.3 Therapeutic effects of Pc-Fe nanoparticles in DSS induced colitis mice
	3.4 The effects of Pc-Fe nanoparticles on colon pathological characteristics in DSS-induced colitis
	3.5 Safety evaluation of Pc-Fe
	3.6 The regulatory effect of Pc-Fe on the gut microbiome

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


