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Our previous study showed that emodin enema modulates gut microbiota and delays CKD
progression. However, the poor solubility, limited colonic irrigation retention time, and
inadequate colon adhesion of emodin hinder its clinical application. Based on the
deficiencies of emodin, we prepared monomethoxy-poly (ethylene glycol)-poly (lactic
acid)-chitosan-2-mercaptobenzimidazole nanoparticles with incorporated emodin
(emodin-NP) and studied their efficacy in delaying CKD progression. 5/6
nephrectomized Male Sprague Dawley rats were administered via colonic irrigation
with emodin-NP every two days for eight weeks. We found that treatment with
emodin-NP improved the kidney function of the rats and limited the expansion of
tubulointerstitial  fibrosis. Treatment with emodin-NP once every two days is
comparable to emodin treatment once a day. Furthermore, emodin-NP via colonic
irrigation remarkably reduced IL-1f, IL-6, and LPS levels in serum, improved intestinal
barrier functions, and downregulated the key proteins (TLR4, MyD88, and NF-«kB)
expression in intestinal TLR4 signaling pathway. 16S rDNA analyses showed that
emodin-NP can regulate microbiota disturbance in CKD. Taken together, these results
suggest that emodin-NP alleviates kidney dysfunction and tubulointerstitial fibrosis by
mediation through the maodification of gut microbiota disorders. Emodin-NP may be a new
method to treat CKD.

Keywords: nanoparticles, chronic kidney disease, emodin, gut microbiota, irrigation

INTRODUCTION

Chronic kidney disease (CKD) seriously affect human health worldwide. It would be
beneficial for patients, the economy, and health care systems to delaying the progression
of CKD into end-stage renal disease (Ojo, 2014; Glassock et al., 2017). Many studies have
indicated that CKD is associated with intestinal flora disorders and intestinal barrier injury.
Damage to the intestinal barrier in CKD causes enterogenic uremia toxins to enter into
circulation, inducing systemic inflammation and kidney injury (Ramezani and Raj, 2014;
Ramezani et al., 2016).
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In Chinese medicine (CM) theory, the elimination of uremic
toxins is key to the treatment of CKD (Guo and Rao, 2018).
Rhubarb has been widely employed since ancient times to reduce
uremic toxins (Wang et al., 2012; Zhong et al., 2013), and colonic
irrigation with rhubarb-based decoctions has been used by CM
practitioners for half a century as a CKD treatment. Emodin
(1,3,8-trihydroxy-6-methylanthraquinone) is the most important
component of rhubarb (Dong et al., 2016). Our foregone study
showed that irrigation with emodin modulates gut microbiota
and uremic toxin levels through the gut-kidney axis to treat CKD
(Zeng et al., 2016). However, the poor solubility, limited colonic
irrigation time, and inadequate colon adhesion of emodin hinder
its effects on the intestinal microecology. Currently, there is a lack
of studies to improve these problems.

In this study, we prepared a colon-targeting drug delivery
system consisting of polymer nanoparticles. The system is a new
core-shell ~ bi-block  copolymer  conjugate  comprising
monomethoxy-poly (ethylene glycol)-poly (lactic acid)-
chitosan-2-mercaptobenzimidazole (mPEG-PLA-CS-MBI)
nanoparticles. PEG, CS, PLA, and MBI have been approved
for medical applications by the Food and Drug Administration
(Muxika et al., 2017). Next, we combined emodin with the
nanoparticles to prepare an emodin-nanoparticle system
(emodin-NP). We hypothesized that the colon-targeted
emodin-NP would have a higher stability and better colon
adhesion and persistence effects than emodin alone. This
could improve the emodin colonic irrigation treatment in
terms of regulating gut microbiota disorders, improving
intestinal mucosal barrier functions, and thus having a better
therapeutic effect on CKD.

MATERIALS AND METHODS

Materials

Anti-TLR4 was purchased from Santa Cruz (Dallas, TX,
United States), anti-NF-kB and f-actin were purchased from
Cell Signaling Technologies (Darmstadt, Germany), anti-MyD88
and anti-collagen | were obtained from Abcam (Cambridge, MA,
United States). HRP-conjugated anti-mouse IgG and rabbit IgG
were purchased from Cell Signaling Technologies. The enhanced
chemiluminescence reagent and Image Lab System were obtained
from Bio-Rad (Hercules, CA, United States), and the BCA protein
detection kit was procured from Thermo Fisher Scientific
(Waltham, MA, United States). IL-1 and IL-6 assay kits were
purchased from Abcam, TNF-a, IFN-y assay kits were obtained
from Raybiotech (Georgia, United States), and the LPS assay kit
was obtained from Aviva Systems Biology (CA, United States).
The hematoxylin and eosin (HE) staining kit was obtained from
BOSTER (Wuhan, China), and the Masson staining kit was
purchased from Nanjing Jiancheng Bioengineering Institute
(Jiangsu, China).

Emodin was purchased from Shanghai Winherb Medical
Technology Company (Shanghai, China). PLA was purchased
from Jinan Daigang Biomaterial Company, Shandong, China,
and mPEG was purchased from Xian Ruixi Biomaterial
Company, Shanxi, China.

Emodin-NP attenuates renal injury

Synthesis of mPEG-PLA-OH
mPEG-PLA-OH was obtained by dissolving 14.4 g L-lactide, 7.6 g

mPEG together with 0.2g stannous octanoic acid in 20 ml
dichloromethane and reacting at 130°C for 18 h. The product
was then precipitated in ice ether 3 times and vacuum dried at
40°C for 3 days.

Synthesis of mPEG-PLA-CS

10g mPEG-PLA-OH, 2g succinic anhydride, and 12g 4-
dimethylaminopyridine were dissolved in 100 ml chloroform,
then triethylamine was added uniformly. The reaction was
conducted at room temperature (RT) for 3 days, ether was
precipitated three times. mPEG-PLA-COOH was obtained after
filtration and vacuum drying at 40°C for 3 days. Then, PEG-PLA-
COOH was dissolved in methylene chloride, reacted with N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride and
N-hydroxysuccinimide at room temperature for 24h, then
solubilized in DMSO after steaming. Subsequently, the product
was added to a chitosan/DMSO solvent mixture, reacted for 24 h,
subjected to dialysis for 3 days, and freeze-dried to obtain the
mPEG-PLA-CS product.

Synthesis of mPEG-PLA-CS-MBI

0.5g mPEG-PLA-CS was dissolved in 140 ml ultrapure water,
0.3 g sodium iodate (NalO,) solution was added and incubated at
RT for 2 h. After that, 300 pL ethylene glycol was added, and the
mixture was reacted at RT for 2h mPEG-PLA-CS-CHO was
obtained after dialysis for 3 days, freeze-dried, and preserved at
4°C. 0.5 g 5-Amino-2-mercaptobenzimidazole together with 0.2 g
mPEG-PLA-CS-CHO were mixed evenly in DMSO/H,0O (1:1)
and incubated at RT for 2h, 0.2 g NaCNBH; was added, the
mixture was reacted at RT for 2 days. After dialysis for 3 days, the
final product (mPEG-PLA-CS-MBI) was collected.

Preparation of Emodin-NP

Briefly, a mixture of mPEG-PLA-CS-MBI and emodin was
dissolved in ethyl alcohol, the mixed solution was evaporated
by rotary vacuum. The resulting film was freeze-dried overnight
at 40°C, rehydrated in phosphate bulffer, then bathed (60°C) for
30 min. The unencapsulated domain crystals were filtered and
removed using a 0.22 pum filter membrane to obtain the emodin-
NP-loaded mixed polymer nanoparticles (emodin-NP).

Measurement of mMPEG-PLA-CS-MBI

The 'H NMR spectra were recorded using a 400 MHz
superconducting  Fourier transform nuclear —magnetic
resonance spectrometer (Bruker, Billerica, MA) with
deuterium oxide (D,O) as the solvent. The infrared spectrum
was obtained using an infrared spectrometer (FTIR-650, Tianjin,
China). The microspheres were analyzed in the wavenumber
range of 500-4000 cm ' and were crushed into KBr pellets under
600 kg/cm? of hydraulic pressure. The zeta potential and mean
particle size distribution were measured using a Zetasizer Nano
ZSP system (NanoZS90) using dynamic light scattering (DLS).
The scattering angle was fixed at 90°, and the samples were
measured at a constant temperature of 25°C. The data
presented are the mean values of three measurements.
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Determination of Entrapment Efficiency and

in vitro Drug Release

To determine the content of emodin in emodin-NP, the drug-
loaded copolymer was dissolved in an aqueous ethanol solution,
and the drug encapsulation rate and drug loading rate were
calculated using the standard curve method. The in vitro
release of emodin-NP was studied in pH 7.4 PBS. After
weighing and lyophilization, emodin-NP was suspended in
2.0ml of releasing medium and loaded into dialysis bags
(MWCO 8000 Da). At the beginning of the release test, the
dialysis bag sealed at the end was placed in 50.0 ml of release
medium at 37°C and continuously vibrated at 100 rpm. At a
predetermined time, 2.0 ml of external release medium was
removed, and the same volume of fresh release medium was
added to the dialysis system. The amount of emodin released was
determined by UV spectrophotometry using the standard curve
method.

Animal and Experimental Design

Male Sprague Dawley rats weighing approximately 200 g were
purchased from the Guangdong Experimental Animal Center
(Guangzhou, China). The rats were housed in our animal facility
under pathogen-free conditions and fed a standard laboratory
diet with free access to water. The temperature was maintained at
18-22°C with a 12 h light/dark cycle. This study was approved by
the institutional ethics review board of the Second Affiliated
Hospital of Guangzhou University of Chinese Medicine.

The animals were randomly assigned to a sham-operated
control group (normal) and CKD model groups. The CKD
model was induced by 5/6 nephrectomy (5/6 Nx). Briefly, the
anesthetized by intraperitoneal injection of
pentobarbital sodium (30 mg/kg), and the upper and lower
two-thirds of the left kidney were removed. The right kidney
nephrectomy was performed 7 days later. Rats in the sham group
were only stripped of the fat sac without nephrectomy.

Eight weeks after the 5/6 nephrectomy, the rats in the CKD
model group were randomly assigned to four groups: the model
group, low-dose emodin-NP (1.15 mg/kg emodin) colonic irrigation
group, high-dose emodin-NP (4.6 mg/kg emodin) colonic irrigation
group, and emodin (4.6 mg/kg) colonic irrigation group. For the
animals in the emodin-NP groups, 5ml of the drug was
administered via colonic irrigation using a lavage needle (8 cm)
through the anus once every two days, while those in the emodin
group were given emodin via colonic irrigation every day. Eight
weeks after colonic irrigation, fecal samples were collected, all rats
were sacrificed, and blood samples were collected. The kidneys were
removed and preserved for further analysis.

rats were

Biochemical Detection, Blood Pressure and
Histopathological Studies

Serum creatinine was detected using a biochemical analyzer. Blood
pressure is measured by blood pressure detector. The kidney and
colon tissues were dehydrated and embedded to prepare paraffin
specimens. The paraffin specimens were sliced and stained with HE,
and the histological images were observed under a microscope.

Emodin-NP attenuates renal injury

Systematic and Renal Inflammation

Measurement

The levels of IL-6 (Abcam, Cambridge, United Kingdom), IL1p
(Abcam, Cambridge, United Kingdom), TNF-a (Raybiotech,
Georgia, United States), IFN-y (Raybiotech, Georgia,
United States) and lipopolysaccharide (LPS, Aviva, California,
United States) in the serum and renal tissue were detected by an
enzyme-linked immunosorbent assay (ELISA) in accordance
with the manufacturer’s instructions.

Western Blot Analysis

The colon and kidney tissues were lysed in RIPA buffer
containing protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Massachusetts, United States). The
protein concentration was determined using a BCA detection kit
(Thermo Fisher Scientific). The samples (50 pg) were separated
using 10% SDS-PAGE and then transferred to polyvinylidene
difluoride membranes (EMD Millipore, Burlington, VT,
United States). The membranes were blocked with 5% nonfat
milk for 1h, then incubated with primary antibodies against
TLR4 (1:500, Santa Cruz Biotechnology, California,
United States), MyD88 (1:1000, Abcam, Cambridge,
United Kingdom), NF-kB (1:1000, Cell Signaling
Technologies, Boston, United States), Collagenl(1:1000,
Abcam, Cambridge, United Kingdom), or p-actin (1:5000,
Sigma-Aldrich, Missouri, United States) overnight at 4°C.
The membranes were washed three times and then incubated
with an HRP-linked anti-rabbit or anti-mouse IgG (1:3000, Cell
Signaling Technologies, Boston, United States) at RT. The
membranes were then washed, and their immunoreactivity
was measured using an enhanced chemiluminescence reagent
(Bio-RAD, Bio-Rad Universal Hood 1II, California,
United States). The signals were captured and analyzed using
the Image Lab System (Bio-RAD 5.2.1).

Changes in Gut Microbiota After

Emodin-NP Colonic Irrigation Treatment
The DNA samples of gut microbiota were quantified using a
NucleoSpin Soil Kit (Macherey Nagel, Biocompare, Germany)
and then transferred to a PacBio sequel system for V4 region gene
sequencing of the 16S rDNA gene with Hiseq 2500 (Illumina,
California, United States). The PCR primers used for 16S rDNA
amplicon libraries were 27F and 1492R.

PacBio circular consensus sequencing (CSS) was obtained and
filtered using the CSS protocol with a predicted accuracy of >99%,
corresponding to Q20. Dereplication, clustering, and chimera
detection were performed using a set of USEARCH (version
11.0.667) tools (fastx_uniques, cluster_otus, and uchime2_ref
using SILVA Gold as the reference database). Taxonomic
ranks were predicted by nbc_tax, an implementation of the
RDP naive Bayesian classifier algorithm, using rdp_16s_v16 as
a reference database with a confidence value of 0.6. All statistical
analyses were performed using version 3.6.0 R. Vegetarian
packages were used to calculate the alpha diversity (Shannon
index) and principal coordinate analysis (PCoA) based on
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FIGURE 1 | Characterization of emodin-NP (A) FTIR spectra showing amide bands | and Il of the copolymer at 1757 and 3443 cm™", respectively (B) 'H NMR
spectrum with characteristic proton peaks of PEG and PLA at 3.65 and 5.2 ppm, respectively (C) size distribution spectrum (D) zeta potential of MPEG-PLA-CS-MBI
determined by laser diffraction (E) morphology of mPEG-PLA-CS-MBI nanoparticles determined by TEM (F) in vitro release of MBI from mPEG-PLA-CS-MBI in pH 7.2
PBS at 37°C.

Bray-Curtis dissimilarity matrices at the genus level of 16S rDNA
gene sequencing. The comparison of alpha diversity between
groups was performed using the Kruskal Wallis test. Dissimilarity
matrices were calculated using permutational multivariate
analysis of variance to assess the effects of the groups. The
significant differences between the groups and their effect sizes
were identified by linear discriminant analysis of effect size
(LEfSe).

Statistical Methods

SPSS statistical software (version 19.0, IBM, Armonk, NY,
United States) was used to analyze and evaluate the
measurement data. An independent samples #-test was used to
compare the normal distribution data and mean square error
between the two groups. Single-factor analysis of variance for
multiple sets of data. The nonparametric the Mann-Whitney U
test was used to compare two groups between heterogeneous
variance of non-normal distribution data. For nonparametric
rank and rank of data between tests used to compare groups, p <
0.05 was considered statistically significant.

RESULTS

Characterization of Emodin-NP
The synthesis process of mPEG-PLA-CS-MBI copolymer is
shown in Supplementary Figure S1. The structure of the
mPEG-PLA-CS-MBI chemical conjugate was confirmed by
infrared and 1H NMR spectroscopy. The infrared peaks
corresponding to amide bands I and II of the copolymer
appeared at 1757 and 3443 cm-1, respectively (Figure 1A).
The "H NMR spectrum showed characteristic proton peaks of
PEG and PLA at 3.65 and 5.2 ppm, respectively (Figure 1B).
The average particle sizes of emodin-NP were between 100
and 200 nm, and the polydispersity index (PDI <0.25) was
acceptable (Figure 1C). The zeta potential was —-12.83 +
0.11 mV (Figure 1D). TEM images showed that emodin-NP
had uniform cotton-like shapes, and the average diameter was
consistent with the DLS measurement results. Emodin-NP was
composed of many small nanoparticles (Figure 1E). In vitro
release data showed that emodin-NP displayed a release pattern
in deionized water of ~65% emodin (Supplementary Figure S2)
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during 96 h of incubation (Figure 1F). In addition, the mPEG-
PLA-CS-MBI nanoparticles did not affect the cell viability in vitro
(Supplementary Figure S3).

Emodin-NP Colonic Irrigation Improved
Renal Function and Inhibited

Tubulointerstitial Injury

The colonic irrigation data are summarized in Figures 2, 3 and
Figure 4. Compared with the normal group, the CKD model,
emodin-NP, and emodin groups showed a significant increase in
serum creatinine concentrations, serum urea and 24h urine
protein. Renal tissue HE and Masson staining showed that the

renal tubular lumen was enlarged, as well as mononuclear
lymphocyte infiltration, renal tubular atrophy, and interstitial
fibrosis. Compared with the CKD model group, low-dose and
high-dose emodin-NP colonic irrigation significantly lowered the
creatinine concentrations, and the histopathological changes were
improved. The CKD groups with emodin-NP, emodin, and control
colonic irrigation had no difference in body weight, urea, 24 h urine
protein, as well as blood pressure (SBP, systolic blood pressure, DBP,
diastolic pressure, MBP, mean arterial pressure), compared with the
sham group (Figure 2). The collagen | expression in renal tissues was
significantly lower in the sham group than in the 5/6 Nx model
group (p < 0.05), while significantly higher in the 5/6 Nx model
group than in the 5/6 Nx + emodin-NP or emodin group (p < 0.05;
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FIGURE 3 | Renal tissue HE/Masson staining. Renal histopathological changes in sham rats and model rats treated with or without emodin-NP/emodin

Figure 4). The therapeutic effect of high-dose emodin-NP after two
days was slightly better than that of emodin treatment every day.

Emodin-NP Colonic Irrigation Significantly

Reduced Systemic Inflammation

After 8 weeks of treatment, IL-1p, IL-6, TNF-a, IFN-y, and LPS
in the serum or renal tissues samples were analyzed by ELISA,
as shown in Figure 2. Compared with the normal group, the
model groups with emodin-NP, emodin, and control colonic
irrigation exhibited a significant increase in IL-1p, IL-6, TNF-
a, IFN-y, and LPS levels. Compared with the CKD model
group and emodin group, emodin-NP colonic irrigation
significantly reduced the IL-1p, IL-6, TNF-a, IFN-y, and
LPS levels.

Emodin-NP Colonic Irrigation Improved

Inflammation and Intestinal Barrier
In the model group, colon tissue HE staining showed obvious
edema in the mucosal layer of the colon and lamina propria
compared with the normal group. Moreover, infiltration of
lymphocyte monocytes was observed in the mucosal layer of
the 5/6 Nx model group. After colonic irrigation with either
emodin-NP or emodin, the infiltration of inflammatory cells in
the mucosal layer was reduced, and the edema in the mucosal
layer and lamina propria was significantly improved (Figure 5).
The expression of key indicators of intestinal inflammation (TLR4,
MyD88, and NF-kB) in the colon tissues was significantly lower in the
sham group than in the 5/6 Nx model group (p < 0.05). This expression
was significantly higher in the 5/6 Nx model group than in the 5/6 Nx +
emodin-NP or emodin group (p < 0.05, Figure 4).
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model group.

FIGURE 4 | Expressions of TLR4, MyD88, and NF-«B in colon tissues, collagen I in renal tissues (A) Western blot analysis of TLR4, MyD88, and NF-«B in colon
tissues (B) Relative activity of protein expression. Data were expressed vs. -actin and compared by analysis of variance (C) Western blot analysis of collagen I in renal
tissues. Relative activity of protein expression. Data were expressed vs. -actin and compared by analysis of variance. *p < 0.05 vs. normal group. ¥ < 0.05 vs.

Changes in Gut Microbiota After Enema

Treatment

The Shannon index was the highest in the emodin group and
lowest in the model group at the genus level; the Shannon index of
the normal group and emodin-NP treatment groups was
intermediate. The index and species count differed

significantly between the five groups (Kruskal-Wallis test).
The PCoA results showed differences in intestinal microbial
diversity between the five groups; the heatmap based on
cluster analysis showed that different groups of samples were
clustered together, and intestinal microbial diversity differed
between the groups (Figure 6).
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LEfSe was further used to analyze the differences between the
five groups, with LDA scores >2 regarded as reflecting significant
differences. Genus-level results of the differences analysis between
groups showed that the bacteria enriched in the sham group were
Clostridium and Barnesiella. Butyricicoccus and Romboutsia were
enriched in the emodin-NP treatment groups (low-dose and high-
dose), while Parabacteroides and Anaerostipes were enriched in
the emodin group. Multilevel multi-group difference analysis
showed that Barnesiella was enriched in the normal group. The
bacteria enriched in the emodin-NP treatment groups were
Romboutsia, Butyricicoccus, Parabacteroides, and Clostridium.
Pairwise comparisons showed that compared with the normal
group, Saccharibacteria, Clostridium, Lachnospiraceae, and
Firmicutes were reduced in the model group. Clostridium,
Romboutsia, and Blautia were higher in the emodin
treatment group than in the model group. Emodin-NP
treatment  increased  Saccharibacteria, Clostridiales,
Butyricicoccus, and Lachnospiraceae in the low-dose group
and Clostridium, Aloprevotella, Romboutsia, Oscillibacter,
Ruminococcus, and Turicibacter in the high-dose group. The
difference between the emodin-NP and emodin treatments was
that Saccharibacteria was increased in the emodin-NP treatment
group, while Streptococcus increased in the emodin treatment
group. The difference between the emodin-NP low-dose and

high-dose treatment was that Bacteroides, Phascolarctos
bacterium, and Ruminococcus were increased in the emodin-
NP low-dose treatment group, while Akkermansia increased in
the emodin-NP high-dose treatment group (Figure 7).

RDA results showed that intestinal microbes were significantly
correlated with systemic inflammation and LPS in the serum
samples, and body weight was positively correlated with
Clostridium. IL-1p was positively correlated with Bacteroides,
Butyricicoccus, and  Faecalibacter; 1L-6 was negatively
correlated  with  Alloprevotella, Eubacterium, and
Fusicatenibacter; and serum LPS was negatively correlated with
Bacteroides, Faecalibacter, and Streptococcus (Figure 8).

DISCUSSION

In the current study, we intended to investigate the mechanisms
of emodin-NP colonic irrigation attenuates renal injury by
focusing on the change of intestinal flora and systemic
inflammation. We found that emodin-NP colonic irrigation
lowered the levels of LPS, IL-1P, and IL-6 markedly, and
modulated the gut microbiota.

In recent years, more and more studies have indicated that in
CKD patients, the accumulation of uremic toxins and systemic
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inflammation is related to the bacterial load and endotoxins
produced by gastrointestinal dysfunction, which increases the
permeability of the intestine and leads to the development of
CKD (Sabatino et al., 2015; Chen et al., 2019). Therefore, the gut-
kidney axis, an intimate connection between the gut and kidney
has been proposed (Meijers and Evenepoel, 2011).

The gut microbiome is also known as the “second human
genome”, and it plays an important role in maintaining health
and disease pathogenesis. The proliferation of undesirable
biological bacteria in CKD patients interferes with the
symbiotic relationship between the host and the microbiome.
The fermentation of proteins and amino acids by intestinal
bacteria produces excessive amounts of potentially toxic
compounds, such as ammonia, phenols and indole, but
reduces the production of short-chain fatty acids. The

impaired intestinal barrier function of patients with CKD will
cause the transfer of intestinal uremic toxins to the systemic
circulation, resulting in CKD, cardiovascular disease and protein
energy waste (Ramezani et al., 2016).

Among the potential applications of the human gut
microbiome, it has been proposed to use it as a disease
biomarker and to change the composition of the microbiome to
treat diseases (Zou et al., 2013). The microbiome is a therapeutic
target for the management of patients with CKD. In CM theory,
eliminating toxins is the key treatment for CKD (Guo and Rao,
2018). Chinese herbs enemas as a colon-targeted therapy have been
used to cure CKD for half a century. Its representative method is to
use the rhubarb-based compound enema through the intestine. In
the past half century, numerous clinical studies have demonstrated
that rhubarb-based decoction colonic irrigation treatment not only
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ameliorates uremia symptoms but also reduces uremic toxins in
blood (Kavianinia et al., 2016).

Our previous studies have demonstrated that colonic
irrigation with emodin, the most important active ingredient
of rhubarb, modulates the multiple goals of intestinal microbiota
and its metabolic toxins through the gut-kidney axis to improve
the renal function (Zeng et al, 2016). However, the poor
solubility, limited colonic irrigation time, and inadequate colon
adhesion of emodin hinder its effects on the intestinal
microecology.

Chitosan, a polymer of 2-amino-2-deoxy-f-D-glucose, is the
most widely used compound in colonic adhesion nanomaterials.
Chitosan has excellent biocompatibility, can form hydrogen
bonds and electrostatic interactions with intestinal mucosal
proteins, and has good bioadhesive properties (Bernkop-
Schniirch, 2005; Iglesias et al., 2019). However, this non-
covalent bond-based adhesion does not guarantee the
sustained release of drugs at specified sites. The application of
chitosan is limited, whereas after its thiolation, the adhesion
performance is significantly improved because the vulcanized
polymer can form disulfide bonds with the mucosa layer and
cysteine-rich subregions in mucin, allowing for specific binding
(Hauptstein et al., 2014a).

The application of thiolated polymers as drug carriers is not
ideal because they have weak interactions with hydrophobic drug
molecules such as emodin, which often results in fast drug release
and poor encapsulation efficiency. To solve the problems of the
low water solubility of chitosan and the weak effect of thiolated
polymers and poorly soluble drugs, we introduced hydrophilic
mPEG and PLA to form an mPEG-PLA-CS polymer. Based on

this, the polymer was thiolated by MBI to form a mercapto
polymer (mPEG-PLA-CS-MBI). The thiol polymer forms
disulfide bonds and adheres to the mucosal surface through
thiol oxidation, thereby extending the residence time of the
drug on the mucosa, affording the prepared particles with a
surface stabilizing effect, and resulting in nanoparticles with
stronger adhesion properties (Rahmat et al., 2011; Hauptstein
et al,, 2014b; Kongsong et al., 2014; Jiang et al., 2016).

Finally, we developed a nanoparticle-mediated drug delivery
system using a novel conjugate of a diblock copolymer with a
core-shell structure, mPEG-PLA-CS-MBI nanoparticles. We
found that the nanoparticle-mediated targeting of emodin
(emodin-NP) has a higher stability, better colon adhesion, and
more persistent effects than emodin alone. Emodin-NP has good
intestinal adhesion up to 48 h via colonic irrigation.

We investigated the mechanisms by which emodin-NP
colonic irrigation attenuates renal injury by focusing on the
changes in intestinal microbiota and systemic inflammation
(Ramezani and Raj, 2014; Guo and Rao, 2018). We found that
treatment with emodin-NP improved the kidney function and
limited the expansion of tubulointerstitial fibrosis. Treatment
with emodin-NP once every two days is comparable to emodin
treatment once a day. Furthermore, emodin-NP via colonic
irrigation markedly reduced the serum IL-6, IL-1B, and LPS
levels and improved the intestinal barrier function.

Our research results indicated that the flora microbiota
significantly changed in the CKD groups. Emodin-NP treatment
significantly regulated the intestinal microbiota of CKD patients.
CKD is often accompanied by changes in intestinal flora (Feng et al,,
2019). According to a previous research, renal failure is always
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accompanied by a decrease in flora microbiota diversity (Bor et al.,
2019), which is consistent with our results.

Our study results showed that Saccharibacteria, Clostridium,
Lachnospiraceae, and Firmicutes were reduced in the CKD rats.
The progression of CKD may be due to the reduction of these
probiotics and their products. Recent studies have indicated that
Saccharibacteria may be beneficial to host bacteria by promoting
biofilm formation, which evades the immune system and reduces
inflammation (Meehan and Beiko, 2014; Bedree et al., 2018).
Lachnospiraceae is a family of Clostridia, which contains the
main component of mammalian gastrointestinal microbiota.
Some members of it can produce butyrate (Sakamoto et al.,
2009). Barnesiella is a member of Porphyromonadaceae within
the phylum Bacteroidetes (Wylie et al., 2012). A recent study
showed that the most abundant novel classification in healthy
humans are Barnesiella (Weiss et al., 2014) and it might can
reduce systematic inflammatory in mice (Boesmans et al., 2018).

According to our findings, emodin-NP treatment could increase
probiotics, especially butyrate-producing bacteria. The Clostridium
cluster IV genus Butyricicoccus is a Gram-positive, which can produce
high levels of butyrate. Butyrate has been shown to reduce intestinal
inflammation in inflammatory bowel disease (IBD) patients
(Eeckhaut et al,, 2013). Butyricicoccus bacteria were reduced in
patients with IBD. The administration of B. pullicaecorum can
alleviate TNBS-induced colitis in rats, and the supernatant of the
culture of it can enhance the epithelial barrier function (Milani et al.,
2016). Romboutsia is a recently described bacterial genus which
commonly identified in the human intestine and often connected
with a healthy status (Ricaboni et al, 2016; Wang et al, 2019).
Romboutsia reduction in mucosa were associated with polyps which
may be a potential microbial indicator. Parabacteria have reduced
weight gain, hyperglycemia and hepatic steatosis in ob/ob and high-
fat diet mice. In addition, Parabacteroides greatly changed the
distribution of bile acids, increasing gallstone acid and ursine. The
content of oxycholic acid, and increased the content of succinic acid

in the intestines of mice on a high-fat diet. (Chelakkot et al., 2018).
Akkermansia is an anaerobic probiotic that stably colonizes the
intestinal mucus layer and is associated with varieties of diseases,
such as obesity, diabetes, and IBD. One study showed that rhubarb
extract can increase Akkermansia in mice with acute alcoholism and
reduce liver inflammation damage and oxidative stress (Chelakkot
etal,, 2018). The study also found that Akkermansia outer vesicles can
increase intestinal barrier integrity and metabolic function in diabetic
mice. Supplementation with Akkermansia can also improve insulin
levels, insulin resistance, and total cholesterol levels in obese patients
(Depommier et al, 2019). Ottman et al. (2017) also found that
Akkermansia can activate TLR2 and TLR4 to increase the production
of IL-10, thereby regulating the immune response and intestinal
barrier function. Therefore, Akkermansia affect host health by
preventing inflammatory damage caused by the translocation of
bacteria and its products derived from the intestinal tract.

16S rDNA analyses revealed that emodin-NP returned the
microbial balance of CKD. Together, these results showed that
emodin-NP attenuated adverse kidney tubulointerstitial fibrosis
and dysfunction by the modification of gut microbiota disorders.
Emodin-NP is a novel approach to treating CKD.

CONCLUSION

Emodin colonic irrigation modulates gut microbiota and delays
CKD progression. However, the poor solubility and limited colonic
irrigation time of emodin hinder its clinical application. In order to
improve it, we prepared monomethoxy-poly (ethylene glycol)-poly
(lactic acid)-chitosan-2-mercaptobenzimidazole nanoparticles with
incorporated emodin (emodin-NP) and studied their efficacy in
delaying CKD progression. Our results demonstrate that emodin-
NP colonic irrigation attenuates kidney tubulointerstitial fibrosis
and dysfunction by modifying gut microbiota disorders and
inflammation. Treatment with emodin-NP once every two days
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is comparable to emodin treatment once a day. Emodin-NP is a
novel approach to treating CKD.

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.ncbinlm.nih.gov/, 593972

ETHICS STATEMENT

This study was approved by the institutional ethics review board
of Second Affiliated Hospital of Guangzhou University of
Chinese Medicine.

AUTHOR CONTRIBUTIONS

The conception and design were proposed by CZ and GR. Animal
and molecular biology experiments were mainly performed by ZL
and CJ. 16S rDNA sequencing and data analysis were performed
by YC and LH. mPEG-PLA-CS-MBI were designed and
measured by XLu and YL. The manuscript was drafted by ZL

REFERENCES

Bedree, J. K., Bor, B., Cen, L., Edlund, A., Lux, R., McLean, J. S,, et al. (2018). Quorum
sensing modulates the epibiotic-parasitic relationship between Actinomyces
odontolyticus and its Saccharibacteria epibiont, a Nanosynbacter lyticus strain
TM7x. Front. Microbiol. 9, 2049. doi:10.3389/fmicb.2018.02049

Bernkop-Schniirch, A. (2005). Thiomers: a new generation of mucoadhesive polymers.
Adv. Drug Deliv. Rev. 57 (11), 1569-1582. doi:10.1016/j.addr.2005.07.002

Boesmans, L., Valles-Colomer, M., Wang, J., Eeckhaut, V., Falony, G., Ducatelle, R.,
et al. (2018). Butyrate producers as potential next-generation probiotics: safety
assessment of the administration of Butyricicoccus pullicaecorum to healthy
volunteers. mSystems 3 (6), €00094. doi:10.1128/mSystems.00094-18

Bor, B., Bedree, J. K., Shi, W., McLean, J. S., and He, X. (2019). Saccharibacteria
(TM7) in the human oral microbiome. J. Dent. Res. 98 (5), 500-509. doi:10.
1177/0022034519831671

Chelakkot, C., Choi, Y., Kim, D. K., Park, H. T., Ghim, J., Kwon, Y., et al. (2018).

muciniphila-derived extracellular vesicles influence gut
permeability through the regulation of tight junctions. Exp. Mol. Med. 50
(2), e450. doi:10.1038/emm.2017.282

Chen, Y. Y., Chen, D. Q,, Chen, L., Liu, J. R,, Vaziri, N. D., Guo, Y., et al. (2019).
Microbiome-metabolome reveals the contribution of gut-kidney axis on kidney
disease. J. Transl. Med. 17 (1), 5. doi:10.1186/s12967-018-1756-4

Depommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieira-Silva, S.,
et al. (2019). Supplementation with Akkermansia muciniphila in overweight
and obese human volunteers: a proof-of-concept exploratory study. Nat. Med.
25 (7), 1096-1103. doi:10.1038/s41591-019-0495-2

Dong, X, Fu, ], Yin, X,, Cao, S, Li, X,, Lin, L,, et al. (2016). Emodin: a review of its
pharmacology, toxicity and pharmacokinetics. Phytother. Res. 30 (8),
1207-1218. doi:10.1002/ptr.5631

Eeckhaut, V., Machiels, K., Perrier, C., Romero, C., Maes, S., Flahou, B., et al.
(2013). Butyricicoccus pullicaecorum in inflammatory bowel disease. Gut. 62
(12), 1745-1752. doi:10.1136/gutjnl-2012-303611

Feng, Y. L., Cao, G., Chen, D. Q,, Vaziri, N. D., Chen, L., Zhang, J., et al. (2019).
Microbiome-metabolomics reveals gut microbiota associated with glycine-

Akkermansia

Emodin-NP attenuates renal injury

and CJ, and reviewed by CZ. All authors read and approved the
final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (81873142, secured by CZ) and the
Natural Science Foundation of Guangdong Province
(2019A1515011054, secured by CZ).

ACKNOWLEDGMENTS

We are grateful to the research team of the Department of
Nephrology, Guangdong Provincial Hospital of Traditional
Chinese Medicine for their strong support of this project and the
technical support of Shenzhen KMHD Gene Technology Co., Ltd.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2020.606227/
full#supplementary-material.

conjugated metabolites and polyamine metabolism in chronic kidney disease.
Cell. Mol. Life Sci. 76 (24), 4961-4978. doi:10.1007/s00018-019-03155-9

Glassock, R. J., Warnock, D. G., and Delanaye, P. (2017). The global burden of
chronic kidney disease: estimates, variability and pitfalls. Nat. Rev. Nephrol. 13
(2), 104-114. doi:10.1038/nrneph.2016.163

Guo, C, and Rao, X. R. (2018). Understanding and therapeutic strategies of
Chinese medicine on gut-derived uremic toxins in chronic kidney disease. Chin.
J. Integr. Med. 24 (6), 403-405. doi:10.1007/s11655-017-2926-6

Hauptstein, S., Bonengel, S., Griessinger, J., and Bernkop-Schniirch, A. (2014a).
Synthesis and characterization of pH tolerant and mucoadhesive (thiol-
polyethylene glycol) chitosan graft polymer for drug delivery. J. Pharmacol.
Sci. 103 (2), 594-601. doi:10.1002/jps.23832

Hauptstein, S., Bonengel, S., Rohrer, J., and Bernkop-Schniirch, A. (2014b).
Preactivated thiolated poly(methacrylic acid-co-ethyl acrylate): synthesis and
evaluation of mucoadhesive potential. Eur. J. Pharmaceut. Sci. 63, 132-139.
doi:10.1016/j.¢jps.2014.07.002

Iglesias, N., Galbis, E., Diaz-Blanco, M. J., Lucas, R., Benito, E., and de-Paz, M. V.
(2019). Nanostructured chitosan-based biomaterials for sustained and colon-
specific resveratrol release. Int. J. Mol Sci. 20 (2), 398. doi:10.3390/
ijms20020398

Jiang, S., Xie, S., Lv, D, Zhang, Y., Deng, J., Zeng, L., et al. (2016). A reduction in the
butyrate producing species Roseburia spp. and Faecalibacterium prausnitzii is
associated with chronic kidney disease progression. Antonie Van Leeuwenhoek.
109 (10), 1389-1396. doi:10.1007/s10482-016-0737-y

Kavianinia, I, Plieger, P. G., Cave, N. J., Gopakumar, G., Dunowska, M., Kandile,
N. G, et al. (2016). Design and evaluation of a novel chitosan-based system for
colon-specific drug delivery. Int. J. Biol. Macromol. 85, 539-46. doi:10.1016/j.
ijbiomac.2016.01.003

Kongsong, M., Songsurang, K., Sangvanich, P., Siralertmukul, K., and Muangsin,
N. (2014). Design, synthesis, fabrication and in vitro evalution of
mucoadhesive 5-amino-2-mercaptobenzimidazole chitosan as low water
soluble drug carriers. Eur. J. Pharm. Biopharm. 88 (3), 986-997. doi:10.
1016/j.jpb.2014.08.016

Meehan, C. J., and Beiko, R. G. (2014). A phylogenomic view of ecological
specialization in the lachnospiraceae, a family of digestive tract-

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 606227


https://www.ncbi.nlm.nih.gov/,%20593972
https://www.frontiersin.org/articles/10.3389/fphar.2020.606227/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.606227/full#supplementary-material
https://doi.org/10.3389/fmicb.2018.02049
https://doi.org/10.1016/j.addr.2005.07.002
https://doi.org/10.1128/mSystems.00094-18
https://doi.org/10.1177/0022034519831671
https://doi.org/10.1177/0022034519831671
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1186/s12967-018-1756-4
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1002/ptr.5631
https://doi.org/10.1136/gutjnl-2012-303611
https://doi.org/10.1007/s00018-019-03155-9
https://doi.org/10.1038/nrneph.2016.163
https://doi.org/10.1007/s11655-017-2926-6
https://doi.org/10.1002/jps.23832
https://doi.org/10.1016/j.ejps.2014.07.002
https://doi.org/10.3390/ijms20020398
https://doi.org/10.3390/ijms20020398
https://doi.org/10.1007/s10482-016-0737-y
https://doi.org/10.1016/j.ijbiomac.2016.01.003
https://doi.org/10.1016/j.ijbiomac.2016.01.003
https://doi.org/10.1016/j.ejpb.2014.08.016
https://doi.org/10.1016/j.ejpb.2014.08.016
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lu et al.

associated bacteria. Genome Biol. Evol. 6 (3), 703-13. doi:10.1093/gbe/
evu050

Meijers, B. K., and Evenepoel, P. (2011). The gut-kidney axis: indoxyl sulfate,
p-cresyl sulfate and CKD progression. Nephrol. Dial. Transplant. 26 (3),
759-61. doi:10.1093/ndt/gfq818

Milani, C., Ticinesi, A., Gerritsen, J., Nouvenne, A., Lugli, G. A., Mancabelli, L.,
et al. (2016). Gut microbiota composition and Clostridium difficile infection in
hospitalized elderly individuals: a metagenomic study. Sci. Rep. 6, 25945. doi:10.
1038/srep25945

Muxika, A., Etxabide, A., Uranga, J., Guerrero, P., and de la Caba, K. (2017).
Chitosan as a bioactive polymer: processing, properties and applications. Int.
J. Biol. Macromol. 105 (2), 1358-1368. doi:10.1016/j.ijbiomac.2017.07.087

Ojo, A. (2014). Addressing the global burden of chronic kidney disease through
clinical and translational research. Trans. Am. Clin. Climatol. Assoc. 125 (5),
229-6.

Ottman, N., Davids, M., Suarez-Diez, M., Boeren, S., Schaap, P. J., Martins Dos
Santos, V. A. P., et al. (2017). Genome-scale model and omics analysis of
metabolic capacities of Akkermansia muciniphila reveal a preferential mucin-
degrading lifestyle. Appl. Environ. Microbiol. 83 (18), €01014. doi:10.1128/
AEM.01014-17

Rahmat, D., Sakloetsakun, D., Shahnaz, G., Perera, G., Kaindl, R., and Bernkop-
Schniirch, A. (2011). Design and synthesis of a novel cationic thiolated polymer.
Int. J. Pharm. 411 (1-2), 10-17. doi:10.1016/j.ijpharm.2011.02.063

Ramezani, A., Massy, Z. A., Meijers, B., Evenepoel, P., Vanholder, R., and Raj, D. S.
(2016). Role of the gut microbiome in uremia: a potential therapeutic target.
Am. J. Kidney Dis. 67 (3), 483-98. doi:10.1053/j.ajkd.2015.09.027

Ramezani, A., and Raj, D. S. (2014). The gut microbiome, kidney disease, and
targeted interventions. J. Am. Soc. Nephrol. 25 (4), 657-70. doi:10.1681/ASN.
2013080905

Ricaboni, D., Mailhe, M., Khelaifia, S., Raoult, D., and Million, M. (2016).
Romboutsia timonensis, a new species isolated from human gut. New
Microbes New Infect. 12, 6-7. doi:10.1016/j.nmni.2016.04.001

Sabatino, A., Regolisti, G., Brusasco, I., Cabassi, A., Morabito, S., and Fiaccadori, E.
(2015). Alterations of intestinal barrier and microbiota in chronic kidney
disease. Nephrol. Dial. Transplant. 30 (6), 924-33. doi:10.1093/ndt/gfu287

Sakamoto, M., Takagaki, A., Matsumoto, K., Kato, Y., Goto, K., and Benno, Y.
(2009). Butyricimonas synergistica gen. nov., sp. nov. and Butyricimonas virosa
sp. nov., butyric acid-producing bacteria in the family ‘Porphyromonadaceae’

Emodin-NP attenuates renal injury

isolated from rat faeces. Int. J. Syst. Evol. Microbiol. 59 (7), 1748-53. doi:10.
1099/ij5.0.007674-0

Wang, H., Song, H., Yue, J., Li, ], Hou, Y. B,, and Deng, J. L. (2012). Rheum
officinale (a traditional Chinese medicine) for chronic kidney disease. Cochrane
Database Syst. Rev. 11 (7), CD008000. doi:10.1002/14651858.CD008000.pub2

Wang, K, Liao, M., Zhou, N., Bao, L, Ma, K, Zheng, Z., et al. (2019).
Parabacteroides distasonis alleviates obesity and metabolic dysfunctions via
production of succinate and secondary bile acids. Cell Rep. 26 (1), 222. doi:10.
1016/j.celrep.2018.12.028

Weiss, G. A., Chassard, C., and Hennet, T. (2014). Selective proliferation of
intestinal Barnesiella under fucosyllactose supplementation in mice. Br.
J. Nutr. 111 (9), 1602-1610. doi:10.1017/S0007114513004200

Wrylie, K. M., Truty, R. M., Sharpton, T. J., Mihindukulasuriya, K. A., Zhou, Y.,
Gao, H,, et al. (2012). Novel bacterial taxa in the human microbiome. PloS One 7
(6), €35294. doi:10.1371/journal.pone.0035294

Zeng,Y.Q., Dai, Z,, Lu, F,, Lu, Z., Liu, X, Chen, C,, et al. (2016). Emodin via colonic
irrigation modulates gut microbiota and reduces uremic toxins in rats with
chronic kidney disease. Oncotarget 7 (14), 17468-178. doi:10.18632/oncotarget.
8160

Zou, C., Lu, Z. Y., Wu, Y. C, Yang, L. H,, Su, G. B, Jie, X. N, et al. (2013). Colon
may provide new therapeutic targets for treatment of chronic kidney disease
with Chinese medicine. Chin. J. Integr. Med. 19 (2), 86-91. d0i:10.1007/s11655-
013-1351-8

Zhong, Y., Deng, Y., Chen, Y., Chuang, P. Y., and Cijiang He, J. (2013). Therapeutic
use of traditional Chinese herbal medications for chronic kidney diseases.
Kidney Int. 84 (6), 1108-18. doi:10.1038/ki.2013.276

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.

Copyright © 2021 Lu, Ji, Luo, Lan, Han, Chen, Liu, Lin, Lu, Wu Guo and Zou. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

13

January 2021 | Volume 11 | Article 606227


https://doi.org/10.1093/gbe/evu050
https://doi.org/10.1093/gbe/evu050
https://doi.org/10.1093/ndt/gfq818
https://doi.org/10.1038/srep25945
https://doi.org/10.1038/srep25945
https://doi.org/10.1016/j.ijbiomac.2017.07.087
https://doi.org/10.1128/AEM.01014-17
https://doi.org/10.1128/AEM.01014-17
https://doi.org/10.1016/j.ijpharm.2011.02.063
https://doi.org/10.1053/j.ajkd.2015.09.027
https://doi.org/10.1681/ASN.2013080905
https://doi.org/10.1681/ASN.2013080905
https://doi.org/10.1016/j.nmni.2016.04.001
https://doi.org/10.1093/ndt/gfu287
https://doi.org/10.1099/ijs.0.007674-0
https://doi.org/10.1099/ijs.0.007674-0
https://doi.org/10.1002/14651858.CD008000.pub2
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1017/S0007114513004200
https://doi.org/10.1371/journal.pone.0035294
https://doi.org/10.18632/oncotarget.8160
https://doi.org/10.18632/oncotarget.8160
https://doi.org/10.1007/s11655-013-1351-8
https://doi.org/10.1007/s11655-013-1351-8
https://doi.org/10.1038/ki.2013.276
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Nanoparticle-Mediated Delivery of Emodin via Colonic Irrigation Attenuates Renal Injury in 5/6 Nephrectomized Rats
	Introduction
	Materials and Methods
	Materials
	Synthesis of mPEG-PLA-OH
	Synthesis of mPEG-PLA-CS
	Synthesis of mPEG-PLA-CS-MBI
	Preparation of Emodin-NP
	Measurement of mPEG-PLA-CS-MBI
	Determination of Entrapment Efficiency and in vitro Drug Release
	Animal and Experimental Design
	Biochemical Detection, Blood Pressure and Histopathological Studies
	Systematic and Renal Inflammation Measurement
	Western Blot Analysis
	Changes in Gut Microbiota After Emodin-NP Colonic Irrigation Treatment
	Statistical Methods

	Results
	Characterization of Emodin-NP
	Emodin-NP Colonic Irrigation Improved Renal Function and Inhibited Tubulointerstitial Injury
	Emodin-NP Colonic Irrigation Significantly Reduced Systemic Inflammation
	Emodin-NP Colonic Irrigation Improved Inflammation and Intestinal Barrier
	Changes in Gut Microbiota After Enema Treatment

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


