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Purpose: Rhubarb (Rheum palmatum L.) and astragalus (Radix astragali) find
widespread used in clinical formulations for treating chronic kidney disease
(CKD). Notably, the key active components, total rhubarb anthraquinone (TRA)
and total astragalus saponin (TAS), exhibit superiority over rhubarb and astragalus
in terms of their clear composition, stability, quality control, small dosage, and
efficacy for disease treatment. Additionally, astragalus polysaccharides (APS)
significantly contribute to the treatment of renal fibrosis by modulating the
gut microbiota. However, due to differences in the biopharmaceutical
properties of these components, achieving synergistic effects remains
challenging. This study aims to develop combined pellets (CPs) and evaluate
the potential effect on unilateral ureteral obstruction (UUO)-induced
renal fibrosis.

Methods: The CPs pellets were obtained by combining TRA/TAS-loaded
SNEDDS pellets and APS-loaded pellets, prepared using the fluidized bed
coating process. The prepared pellets underwent evaluation for morphology,
bulk density, hardness, and flowing property. Moreover, the in vitro release of
the payloads was evaluated with the CHP Type I method. Furthermore, the
unilateral ureteral obstruction (UUO) model was utilized to investigate the
potential effects of CPs pellets on renal fibrosis and their contribution to gut
microbiota modulation.

Results: The ex-vivo study demonstrated that the developed CPs pellets not only
improved the dissolution of TRA and TAS but also delivered TRA/TAS and APS
spatiotemporally to the appropriate site along the gastrointestinal tract. In an
animal model of renal fibrosis (UUO rats), oral administration of the CPs
ameliorated kidney histological pathology, reduced collagen deposition, and
decreased the levels of inflammatory cytokines. The CPs also restored the
disturbed gut microbiota induced by UUO surgery and protected the
intestinal barrier.
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Conclusion: The developed CPs pellets represent a promising strategy for
efficiently delivering active components in traditional Chinese medicine
formulas, offering an effective approach for treating CKD.
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spatiotemporal delivery, multiple components, rhubarb, astragalus, multi-unit particulate
system, renal fibrosis, gut microbiota

1 Introduction

Chronic kidney disease (CKD) is a global public health challenge
associated with significant morbidity andmortality (Kalantar-Zadeh
et al., 2021), imposing a substantial burden on individuals and
society alike. Renal fibrosis, a prevalent pathway in CKD resulting in
end-stage renal disease (ESRD), is characterized by renal interstitial
fibroblast proliferation and extracellular matrix (ECM)
accumulation, resulting in renal parenchyma damage and
irreversible impairment of renal function (Huang et al., 2023;
Nørregaard et al., 2023). Furthermore, renal fibrosis adversely
affects not only the kidneys but also the heart (Panizo et al.,
2021). Thus, halting renal fibrosis emerges as a promising
strategy for preventing and treating CKD and ESRD. However,
currently, there is a lack of direct treatment targeting renal fibrosis,
except for the prevention of acute kidney disease transitioning to

CKD or delaying CKD progression using angiotensin-converting
enzyme inhibitors (ACEIs) and/or angiotensin receptor blockers
(ARBs), as well as mineralocorticoid receptor blockers
(Klinkhammer and Boor, 2023). Therefore, exploring effective
approaches to impede the progression of renal fibrosis is imperative.

In recent years, clinical practice and studies have confirmed that
traditional Chinese medicine (TCM), especially TCM formulas,
have great potential in preventing and treating renal fibrosis (Liu
X. Y. et al., 2022; Ma et al., 2023). Among them, rhubarb (Rheum
palmatum L.) and astragalus (Radix astragali) are widely used in
clinical formulations and have been reported to improve renal
fibrosis in various ways (Gu et al., 2022; Yuan et al., 2020).
Notably, a capsule containing pulverized rhubarb and astragalus,
known as the rhubarb-astragalus capsule, has been clinically used for
more than two decades to treat CKD, azotemia, and uremia (Zeng
et al., 2020). Its potential mechanism of action may involve the
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regulation of the TGF-β1/Smad or NF-κB pathway (Adesso et al.,
2018; Qin et al., 2021). Total rhubarb anthraquinone (TRA) and
total astragalus saponin (TAS) are recognized as essential active
components for kidney disease treatment (Wang et al., 2023b;
Zhang et al., 2023). Researches indicate that anthraquinone in
rhubarb attenuated renal fibrosis through inhibit the TGF-β/
Smad, P38/MAPK, SIRT3/FOXO3/SOD2, PERK/ATF4/CHOP,
P13K/Akt/mTOR signaling pathways (Wang et al., 2022).
Sponins in astragalus were also reported to ameliorate renal
fibrosis by blocking TGF-β/Smad signaling pathway (Zhou et al.,
2017). Importantly, TRA and TAS offer advantages over rhubarb
and astragalus due to their clear composition, stability, quality
control, small dosage, and efficacy in disease treatment (Li A. P.
et al., 2023; Xiang et al., 2020). Additionally, accumulating evidence
suggests that CKD is associated with alterations in gut microbiota
(Wang et al., 2023c; Zhou et al., 2022), which presents a promising
novel target for slowing renal progression (Gharaie et al., 2023). Gut
microbiota can be regulated through probiotics, prebiotics,
synbiotics, fecal microbiota transplantation, and other
interventions. Among prebiotics, various plant polysaccharides
can increase the number and diversity of beneficial gut bacteria,
significantly contributing to CKD treatment (Li A. Y. et al., 2023).
For instance, the modification of gut microbiota using astragalus
polysaccharides (APS) has been shown to attenuate kidney diseases
(Guo et al., 2023; Peng et al., 2023; Zheng et al., 2021). Therefore,
combining TRA, TAS and APS holds significant potential for renal
fibrosis treatment. Nevertheless, overcoming the obstacle of
inadequate water solubility in TRA and TAS is imperative to
enhance their oral absorption (Cao et al., 2017; Zhou et al.,
2023). To tackle this issue, promising approaches, such as
prodrug strategies, salt formation, solid dispersion technology,
and lipid-based delivery systems, are proposed (Bhujbal et al.,
2021; Nora et al., 2022). Among lipid-based formulation, self-
nanoemulsifying drug delivery system (SNEDDS) is popular for
oral delivery due to their high solubilization capacity, high drug
encapsulation, ability to transport drugs into the lymphatic system,
and capacity to enhance bypass transport (Salawi, 2022). In the
present study, TRA and TAS were formulated into SNEDDS to
enhance their oral delivery. Moreover, the TRA/TAS-loaded
SNEDDS were further solidified into pellets to improve the
stability of the SNEDDS, increase drug loading, and facilitate
their transformation (Sha et al., 2021).

Additionally, as non-starch polysaccharides, the effective
delivery of most plant polysaccharides to the intestinal system is
anticipated due to the absence of active carbohydrate enzymes
necessary for their digestion in the gastrointestinal tract (Wang
et al., 2023a). However, due to their high hydrophilicity, plant
polysaccharides also exhibit high solubility and swelling in
aqueous media (Bayer, 2023), which impedes their delivery to the
lower gastrointestinal tract (GIT) and their effect on gut microbiota
(Yang et al., 2022). To address this problem, colonic drug delivery
systems was proved to be an advantageous approach (Shahdadi
Sardou et al., 2022). Among the types of colonic drug delivery
systems, the most marketed products are pH- dependent parallel
systems. Nevertheless, combining the pH - and time-dependent
methods allows for minimal drug release in the upper GIT and
maximum drug release in the lower GIT. In addition, pellets, a type
of multiunit dosage form, facilitate the targeted delivery of payloads

to specific sites within the GIT and modify drug release (Kulkarni
et al., 2022). Therefore, the APS was incorporated into colon-
targeted pellets utilizing a combination of pH- and time-
dependent systems.

Here, TRA/TAS-loaded self-nanoemulsifying pellets and APS-
loaded, colonic site-specific pellets were developed respectively and
combined to enable efficient release and absorption of TRA/TAS in
the upper GIT, and specific delivery of APS to the lower GIT in a
spatiotemporal manner. Initially, TRA/TAS-loaded SNEDDS were
prepared based on a ternary phase diagram. These pellets were then
solidified using the fluid-bed coating process. Subsequently, APS-
loaded, colonic site-specific pellets were produced using sustained-
release and enteric coating in a fluidized bed system. By
encapsulating TRA/TAS pellets and APS pellets in a hard capsule
shell at a mass ratio of 1:2, the in vitro release of the payloads was
evaluated using a CHP Type I method. Finally, the therapeutic
efficacy, as well as the regulation of gut microbiota of the combined
pellets was tested on UUO rats.

2 Materials and methods

2.1 Materials and animals

TRA (≥50% purity) was purchased from Nanjing Shizhou
Biotechnology Co., Ltd. (Nanjing, China). TAS (≥98% purity)
and APS (≥90% purity) were provided by Chengdu Jintaihe Co.,
Ltd. (Chengdu, China). Microcrystalline cellulose (MCC) spheres
(600–710 μm) were purchased from Hangzhou Gaocheng Biotech
and Health Co., Ltd. (Hangzhou, China). Colloidal silicon dioxide
was purchased from Shanghai Yuanju Biotechnology Co., Ltd.
(Shanghai, China). Eudragit L100 (Opadry® Enteric) and
hydroxypropyl methylcellulose (HPMC) (Methocel™, E5LV)
were obtained from Shanghai Colorcon Coating Technology Co.,
Ltd. (Shanghai, China).

PageRuler Prestained Protein Ladder were purchased from
Thermo Fisher Scientific, Inc. (Waltham, MA, United States).
Hematoxylin-Eosin (H&E) staining kit and Masson’s trichrome
staining kit were purchased from Beijing M&C Gene Technology
Co., Ltd. (Beijing, China). All enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Jiangsu Meimian Industrial Co.,
Ltd. (Yancheng, China). The other chemicals and solvents used in
the study were of analytical reagent grade.

Thirty-six SD rats (200 ± 20 g) were provided by Shanghai SLAC
Laboratory Animal Co., Ltd. (License No. SCXK 2017-0005,
Shanghai, China).

2.2 Preparation of pellets

2.2.1 Preparation of APS pellets
APS pellets were prepared using the solution layering technique

in a fluidized bed system (Mini-Glatt, Glatt GmbH, Germany).
Briefly, 2 g of APS was dissolved in 10 mL of water and sprayed
onto 20 g of MCC spheres. The atomization pressure was set at
1.0 bar, inlet temperature at 50°C–55°C, and fluidized air velocity at
25 m3/h. A 20% (w/w) HPMC solution in water was then sprayed
onto the drug-loaded pellets until a 20% weight gain was achieved.
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After the sustained-release coating, a subcoating with 20% Eudragit
L100 suspensions was applied to achieve an additional 20% weight
gain using the same system. Finally, the pellets were fluidized for an
additional 30 min and then dried in a vacuum oven at 40°C for 2 h.

2.2.2 Preparation of TRA/TAS pellets
Initially, a SNEDDS preconcentrate was prepared bymixing 21 g of

EL35, 14 g of ethylene glycol, and 15 g of ethyl oleate, vortexed for
5 min, 315 mg of TRA and 441 mg of TAS (at a mass ratio of 5:7) were
then added under stirring. After dilution with deionized water (five
times), the nanoemulsion was obtained. Subsequently, 30 g of colloidal
silicon dioxide was added to this liquid nanoemulsion, which was then
sprayed onto 20 g of MCC spheres using the fluidized bed system with
atomization pressure adjusted to 2.5 bar. Finally, the TRA/TAS pellets
were dried in a vacuum oven at 40°C for 2 h.

2.3 Characterization of pellets

The overall shape of obtained pellets was investigated using
stereoscopic microscope. Surface morphology of the pellets was also
observed by using scanning electron microscope (SEM) (SU8010,
HITACHI Company, Japan) after samples being coating with gold
under condition of argon atmosphere. The bulk density of the
prepared pellets was measured by pouring pellets in a graduated
cylinder of 100 mL, and calculation involves dividing the weight of
the pellets by the apparent volume in the cylinder, as described in
CHP, method III. The angle of repose (AOR) of all the prepared
pellets was determined by releasing an appropriate quantity of
pellets onto the plane from a distance of 5 cm. Then, the height
(h) and radius (r) of the pile from the base were measured and the
AOR (θ) of the samples was calculated according to the
following equation:

AOR θ( ) � tan -1 h/r
Three batches of pellets were measured in parallel.

2.4 In vitro drug release

Subsequently, the APS pellets and TRA/TAS pellets were
encapsulated in size 000 gelatin capsules at a mass ratio of 1:2.
Drug release from these formulations was assessed using a CHP type
II (paddle) apparatus under controlled conditions with a
temperature of 37°C ± 0.5°C and a stirring rate of 100 rpm.
Initially, the pellets were exposed to 900 mL of a 0.1 M
hydrochloric acid solution. After 2 h, the dissolution medium
was switched to phosphate buffer (PBS) of pH 6.8 for an
additional 4 h. Finally, the dissolution medium was changed to
PBS with a pH of 7.4, and dissolution was carried out for a total
duration of 24 h. Samples (3 mL) were withdrawn from different
media and replaced with fresh medium. The contents of aloe-
emodin, rhein, emodin, chrysophanol, and physcion (five
representative components of TRA (Aichner and Ganzera, 2015),
and Astragaloside IV (a representative component of TAS (Huang
J. et al., 2018) were determined by a previously validated HPLC
method in our lab (Hou et al., 2023). APS content was determined

using the phenol-sulfuric acid method (Liu and Tan, 2022). All
experiments were conducted in triplicate. Specifically, the similarity
factor (f2) was used to evaluate the release synchronicity between
TRA and TAS, which was calculated using the following equation:

f2 � 50 log 1 + 1
n
∑n
t

Wt Rt − Tt| |2⎡⎣ ⎤⎦−0.5 × 100
⎧⎨⎩ ⎫⎬⎭

where n is the total sampling times; Rt and Tt are the release values of
the referenced and the tested sample at time t, respectively; Wt is an
optional weight factor.

2.5 UUO model and treatments

The UUO model was performed on male SD rats weighing
260–280 g, following our previously established protocol (Sun et al.,
2022). In brief, after intraperitoneal injection of pentobarbital
sodium at a dose of 50 mg/kg to induce anesthesia, the left
ureter of the rats was exposed, isolated, and ligated using a 4/
0 silk thread. The sham control rats underwent the same surgical
procedure without left ureteral ligation. The UUO-induced renal
fibrosis models were randomly divided into six groups, each
consisting of six rats: 1) Sham Group: Sham rats received
intragastric administration of saline at a dosage of 10 mL/kg. 2)
Model Group: UUO rats received intragastric administration of
saline at a dosage of 10 mg/mL. 3) BNPL (Benazepril) Group: UUO
rats were administered benazepril hydrochloride intragastrically at a
dose of 10 mL/kg. 4) R&A Group: UUO rats were administered a
mixture of TRA/TAS suspension and APS solution intragastrically
at doses equivalent to 50 mg/kg of TRA, 100 mg/kg of TAS, and
100 mg/kg of APS. 5) APSP Group: UUO rats were administered
APS pellets intragastrically at a dose of 100 mg/kg. 6) Combined
Pellets (CPs) Group: UUO rats were administered TRA/TAS pellets
and APS pellets intragastrically at doses equivalent to 50 mg/kg of
TRA, 100 mg/kg of TAS, and 100 mg/kg of APS, respectively.

The administration of different formulations continued daily for
21 days after the rat had fully recovered from surgery. On the 22nd
day, fecal samples from all groups were collected and preserved
at −80°C for subsequent gut microbiota analysis. Blood samples were
collected from each rat. At the end of the experiment, the animals
were anesthetized under CO2 asphyxiation and euthanized by
cervical dislocation, and their left kidneys and colon tissues were
collected and prepared for further studies.

2.6 Cytokine assays

Serum concentrations of IL-6, IL-10, D-LA, ET, PCS, IS, DAO,
IFN-γ, TNF-α, and TMAO were determined using ELISA assay kits
as described previously (Zhan et al., 2022). Briefly, standards and
samples were added to the micro-ELISA strip-plate wells,
whereupon they were incubated for 30 min at 37°C, followed by
washing with washing buffer for five times. Afterward, the samples
were further incubated with a streptavidin-horseradish peroxidase
(HRP)-conjugated antibody specific for an additional 30 min. After
addition of chromogen solution, incubation in the dark for 10 min at
37°C, the samples was measured on a microplate reader at 450 nm.
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2.7 Histological and
immunostaining analysis

For histological and immunostaining analysis, kidney and colon
tissues were fixed with 4% buffered paraformaldehyde, embedded in
paraffin, and subsequently sectioned into 4 µm thick slices. These
sections were then subjected to staining with H&E and Masson’s
trichrome. Additionally, serial paraffin-embedded kidney sections
were allocated for immunohistochemical (IHC) analysis. In this
process, the kidney sections were initially treated with 3% hydrogen
peroxidase for 10 min at room temperature for blocking purposes.
Following this step, the sections underwent a PBS wash and were
then incubated overnight at 4°C with primary antibodies (diluted at
1:1000) targeting TGF-beta (ab179695, Abcam), collagen I
(ab34710, Abcam), and fibronectin (ab2413, Abcam). These
sections were then exposed to the corresponding secondary
antibodies (diluted at 1:10000) for 60 min at 37°C. Furthermore,
immunofluorescence (IF) analysis was conducted on colon tissues.
To initiate this procedure, the paraffin-embedded colon sections
were initially incubated overnight at 4°C with the appropriate
primary antibodies targeting occludin (ab216327, Abcam),
claudin-1 (ab15098, Abcam), and claudin-2 (ab15098, Abcam).
Subsequently, these sections were exposed to secondary
antibodies for 60 min at 37°C, and stained with nucleic acid stain
DAPI. All of the histological, IHC, and IF-stained slides were
analyzed using ImageJ analysis software (ImageJ 1.53a,
United States) in a blinded fashion.

2.8 Western blot analysis

Up to 40 mg of kidney tissue underwent initial homogenization
using RIPA lysis buffer (strong), followed by 10-min centrifugation
(10,000 g, 4°C). The supernatant protein concentration was
determined with the BCA protein assay kit. An equivalent
amount of protein (30 mg) was then subjected to electrophoresis
on a 6%–10% SDS-PAGE gel, and subsequently transferred to a
polyvinylidene fluoride (PVDF) membrane. After blocking the
membranes with protein-free rapid blocking buffer, for 15 min,
the membranes were incubated with primary antibodies (diluted at
1:5000) against TGF-β (ab179695, Abcam), α-SMA (bs-10196R,
Bioss), and fibronectin (ab2413, Abcam), respectively, overnight
at 4°C. Following this, the membranes were then washed and
incubated with horse radish peroxidase-conjugated goat anti-
rabbit IgG antibodies (ab6721, Abcam) for 1 h at room
temperature. The visualization of bands was achieved using an
enhanced chemiluminescence detection system (QuickChemi
5200, Monad, China). The anti-GAPDH antibody (ab181602,
Abcam) served as an internal loading control.

2.9 Gut microbiota analysis

Fresh fecal samples from the sham, model, R&A, APSP, and CPs
groups of rats were collected using the abdominal compression
method, promptly gathered with sterile tweezers, and immediately
frozen at −80°C for later analysis. DNA was extracted from these
samples using a cetyltrimethylammonium bromide (CTAB) buffer

and was eluted in 50 µL of Elution buffer and stored at −80°C. PCR
amplification involved a 25 µL reaction mixture with 25 ng of
template DNA, 12.5 µL of PCR Premix, 2.5 µL of primers, and
PCR-grade water. PCR products were verified using 2% agarose gel,
purified with AMPure XT beads, and quantified using a Qubit ds
DNA BR Assay kit. The 16S rDNA sequencing and subsequent
bioinformatics analysis were conducted by LC-Bio Technology Co.,
Ltd (Hangzhou, China).

2.10 Statistical analysis

All data were presented as the mean ± standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
(GraphPad Prism 9.0.0, United States) software. Unpaired t-test
was applied to compare two groups in an unpaired design and one-
way analysis of variance (ANOVA) was performed to compare the
data among multiple groups, followed by Tukey’s post hoc test. **P <
0.01, *P < 0.05 were considered statistically significant.

3 Results and discussion

3.1 Preparation and characterization
of pellets

The fluidized bed system was utilized to prepare APS and TRA/
TAS pellets. Process parameters such as atomization pressure, inlet
temperature, and fluidized air velocity were optimized during drug
layering for APS pellets. Due to high sampling rates and APS
solution concentration causing agglomeration, a sampling rate of
5 rpm and 20% (w/w) APS were used, achieving smooth, uniform
layering with a 98.5% yield. After drug layering, pellets were coated
with 20% (w/w) HPMC and 20% Eudragit L100 sequentially. The
low-viscosity HPMC in the coating layer enhanced process
feasibility and processing time, while ensuring controlled drug
release at the target site (Wan et al., 2019). Eudragit L100 in the
coating formulation helped prevent premature APS release in the
upper GIT due to its pH sensitivity (Alghurabi et al., 2022). The
combination of HPMC and Eudragit L100 ensured targeted location
and sustained release of APS, thereby improving regulation on
intestinal microbiota (Zhao et al., 2022).

Before preparation of TRA/TAS pellets, the optimization of the
SNEDDS formulation was based on a ternary phase diagram. It was
determined that the TRA/TAS ratio of EL35, ethylene glycol, and
ethyl oleate at 21:14:15 resulted in clear, transparent, and uniform
mixtures with particle size of (33.01 ± 0.12 nm) and a PDI of (0.10 ±
0.02) (Figure 1A). The contents of TRA and TAS in the SNEDDS
formulation was 6.29 ± 0.07 mg/g and 8.80 ± 0.11 mg/g, respectively.

The prepared APS pellets appeared as white spheres, while the
TRA/TAS pellets were yellow saffron spheres (Figure 1C). Under
SEM, both APS pellets and TRA/TAS pellets displayed a spherical
shape with a smooth surface (Figure 1D). Importantly, the TRA/
TAS pellets had a notably smooth surface with no oil phase
exudation, suggesting the effective solidification of the SNEDDS
on the surface of MCC, as intended. In addition, the particle sizes of
the two types of pellets were within the intervals of 750–1,000 μm.
The bulk density of these pellets was nearly identical at 0.62 g/cm3,
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indicating their excellent filling into hard capsule shells (Tuyen et al.,
2021). Moreover, the AOR of APS pellets and TRA/TAS pellets were
22.21 ± 0.19 and 23.75 ± 0.49, respectively, indicating promising
flow properties of these pellets.

3.2 Release behavior of the pellets

In the current study, we assessed the in vitro release of TRA,
TAS, and APS from pellets in three different pH media
representative of the gastrointestinal tract. As depicted in
Figure 2A, the release of TRA and TAS from the CPs pellets
exceeded 80% and 60%, respectively, within the first 10 min in
hydrochloric acid (0.1 M, pH 1.2). Conversely, no dissolution of raw
TRA and raw TAS was observed, as both had limited solubility in
water. This outcome signifies a significant increase in the solubility
of TRA and TAS through the SNEDDS formulation. Notably, it was
observed that the release of TAS is slightly inferior to that of TRA,
which may due to its relative low solubility and stability issue in acid
environment (Xu F. et al., 2023). Additionally, the calculated
similarity factor (f2), a valuable parameter for evaluating the
release synchronicity of multiple components (Chen et al., 2019),
exceeded 50, indicating synchronous release of TRA and TAS from
the CPs pellets (Song et al., 2019).

In contrast, as depicted in Figure 2B, almost no APS was released
from the CPs pellets in hydrochloric acid (0.1 M, pH 1.2) within the
initial 2 h. This suggests that the coating layer effectively prevented

the entry of the acidic medium into the pellets, thereby avoiding the
unwanted release of APS in the stomach. When exposed to PBS
(pH 6.8), the outer coating layer (Eudragit L100) rapidly dissolved
due to carboxylic group ionization at pH above 6.0 (Zu et al., 2021),
resulting in APS release. Notably, APS release in PBS (pH 6.8) was
relatively slow within the first hour and accelerated with cumulative
release exceeding 70% within 4 h due to the complete breakdown of
Eudragit L100 (Khan et al., 2022). Moreover, as pH increased from
6.8 to 7.4, APS release accelerated further, reaching a cumulative
release of 95% within 24 h, primarily due to HPMC degradation.
These findings confirm that the coating layer exhibits both pH-
sensitive and time-dependent properties, preventing APS release in
the upper gastrointestinal tract and ensuring its delivery to the lower
intestine with subsequent gradual release (Shahdadi Sardou et al.,
2022). Additionally, we observed the structural evolution of APS
pellets in various media through SEM. As shown in Figure 2C, the
APS pellets remained intact in hydrochloric acid (pH 1.2) for up to
2 h. However, exposure to PBS (pH 6.8) resulted in pellet breakage
with visible pores on the surface for up to 4 h, indicating dissolution
of the outer coating layer (Eudragit L100) and controlled drug
release by the inner coating layer (Ibrahim and Alshora, 2021).
Finally, when exposed to PBS (pH 7.4), pellet integrity was further
compromised, and the pellets completely degraded over 18 h,
leading to the complete release of APS, consistent with its
release behavior.

Collectively, the rapid release of TRA and TAS in hydrochloric
acid would facilitate their absorption in the upper small intestine.

FIGURE 1
Characterizaion of APS pellets and TRA/TAS pellets. TEM images of the TRA/TAS-loaded SNEDDS (A). Particle size and PDI of the TRA/TAS-loaded
SNEDDS (n = 3) (B). The photograph of APS pellets and TRA/TAS pellets (C). SEM images of APS pellets and TRA/TAS pellets (D).
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While the delayed release of APS in PBS provided by Eudragit
L100 and HPMC could enable APS to reach the lower small
intestine, as well as the colon. The different release patterns of
TRA, TAS, and APS indicate their spatiotemporal delivery by the
CPs, ensuring the improved bioavailability of TRA and TAS, colon-
specific delivery of APS, which facilitates its regulation on gut
microbiota.

3.3 Therapeutic efficacy of CPs pellets in vivo

3.3.1 CPs pellets ameliorate the UUO-induced
renal fibrosis

Photomicrographs of H&E staining (Figure 3A) in the sham rats
displayed intact glomeruli and tubules without any notable
pathological changes. Conversely, severe pathological changes
characterized by tubular dilation, tubular atrophy, and
inflammatory cell infiltration was observed from model rats.
Although the widening of the interstitial space with inflammatory
cell infiltration was partially alleviated by the administration of R&A

and APSP when compared to the model rats, adverse pathological
changes, particularly tubular dilatation, remained visible.
Importantly, all the pathological changes induced by UUO were
significantly attenuated by the treatment with CPs pellets.

Additionally, collagen deposition in the tubulointerstitial area
was assessed through Masson’s trichrome staining. As shown in
Figures 3A, B, the sham rats showed almost no collagen deposition,
while model rats exhibited significant collagen deposition with a
fibrotic area of 41.6%. Notably, treatment with CPs pellets markedly
ameliorated UUO-induced collagen deposition, achieving the lowest
fibrotic area of 17.2% among all formulations. This suggests that CPs
pellets exert potent anti-fibrotic effects in UUO rats.

Furthermore, we evaluated the expression of extracellular matrix
components, collagen I (Col-I) and fibronectin (FN), in renal tissues
through IHC staining (Figure 3C). UUO surgery led to a elevated
expression of Col-I and FN, which was effectively ameliorated by the
administration of CPs pellets. To further assess the regulation of
ECM synthesis by CPs pellets, we determined the protein expression
of FN and α-SMA in the obstructed kidney of rats using western blot
analysis. As anticipated, the administration of CPs pellets

FIGURE 2
In vitro release profile of payloads from pellets. The release profiles of TRA and TAS in hydrochloric acid (pH1.2) in 2 h (A). The release profile of APS in
different media (B). Structural evolution of APS pellets during in vitro dissolution in different media (C).
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significantly decreased the protein expression of FN and α-SMA
(Figures 3D, E). Additionally, it has been reported that TGF-β plays
a crucial role in the development of renal fibrosis (Park and Yoo,
2022). Upon binding to the type 2 TGF-β receptor (TβR2), TGF-β
recruits TβR1, subsequently activating Smad2/3. This activation
leads to an increase in the synthesis and expression of major
collagen components within the extracellular matrix (ECM),

including connective tissue growth factor, intercellular adhesion
molecule-1, and type IV collagen fibers (Yuan et al., 2022). TGF-β
can also regulate fibrosis-related genes through Smad-independent
pathways, such as the activation of various mitogen-activated
protein kinases (Hou et al., 2022). Therefore, it is imperative to
restrain TGF-β signaling to impede the progression of renal fibrosis.
Consequently, we assessed the expression of TGF-β in the UUO

FIGURE 3
Pellets ameliorated UUO-induced renal fibrosis in rats. Representative images of H&E and Masson staining of kidney sections (A). Quantification of
Masson’s trichrome positive area of collagen-like matrix deposition (n = 5) (B). Representative images of IHC staining of kidney sections (C).
Representative immunoblotting and densitometric analysis of FN, α-SMA and TGF-β in UUO rats’ kidney (D, E).

Frontiers in Pharmacology frontiersin.org08

Zhang et al. 10.3389/fphar.2024.1456721

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1456721


kidney and observed a significant decrease in TGF-β expression
following the administration of CPs pellets (Figures 3D, E). In
conclusion, while R&A and APSP have demonstrated anti-
fibrotic activity against UUO surgery, the treatment with CPs
pellets appears to enhance these therapeutic effects, potentially
due to improved oral absorption facilitated by the SNEDDS and
the prolonged retention of APS by the sustained-release
coating layer.

3.3.2 CPs pellets attenuate inflammation in
UUO rats

Evidence suggests that renal inflammation plays a crucial role in
the onset and progression of kidney diseases (Dhillon et al., 2023; Li
et al., 2022). Inflammatory cells, including macrophages and T cells,
release pro-inflammatory cytokines and chemokines, which activate
fibroblasts and promote extracellular matrix protein deposition (Fu
et al., 2022; Speer et al., 2022). Additionally, macrophage-derived
inflammatory signaling molecules such as nuclear factor κB (NF-
κB), tumor necrosis factor-α (TNF-α), TGF-β, interferon-γ (IFN-γ),
and platelet-derived growth factor (PDGF) can exacerbate renal
fibrosis (Cantero-Navarro et al., 2021). Conversely, anti-fibrotic

factors like interleukin-10 (IL-10) (Jung et al., 2022) and bone
morphogenetic protein-7 (BMP-7) are reportedly downregulated
in kidney disease (Manzano-Lista et al., 2022; Peng et al., 2022).
Therefore, serum levels of inflammatory signaling molecules,
including IL-6, IFN-γ, TNF-α, and IL-10, were quantified using
ELISA kits. Results (Figures 4A–D) showed significantly higher
serum levels of IL-6, IFN-γ, and TNF-α and a decrease in IL-10
in model rats compared to sham rats. CPs pellet administration
significantly suppressed the secretion of IL-6, IFN-γ, and TNF-α,
and increased IL-10 secretion. These findings suggest that CPs
pellets attenuated inflammation in UUO rats, corroborating the
H&E staining results and contributing to renal fibrosis treatment.

3.4 Regulatory of gut microbiota by CPs
pellets in UUO rats

The impact of different formulations on the gut microbiota of
UUO rats was assessed through the analysis of 16S rDNA amplicon
sequencing of rat fecal samples. While no significant change was
observed in community α-diversity among the various groups

FIGURE 4
The levels of inflammatory cytokines IL-6 (A), IFN-γ (B), TNF-α (C), and IL-10 (D) in serum from treated rats were measured by Elisa kits (n = 5).
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(Figures 5A, B), PCoA and NMDS analysis (Figures 5C, D) based on
OTUs revealed a separation in gut microbiota composition between
the model and sham groups. Interestingly, the gut microbiota

composition of the CPs pellets and APSP groups also separated
from the model group, indicating a restoration of gut microbiota
from a UUO profile to a more normal profile.

FIGURE 5
Pellets restored the intestinal microbial community composition and structure of UUO rats. α-Diversity in terms of Shannon index (A) and Simpson
index (B). PCoA (C) and NMDS (D) analyses of β-diversity based on OTUs. The cluster analysis of fecal flora among each group at the phylum level (E) and
genus level (F). LefSe analysis cladogram representing the significantly different taxas between different groups (LDA > 3, p < 0.05) (G, H).
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At the phylum level, it was observed that the relative abundances
of Firmicutes and Proteobacteria significantly increased in the model
group, accompanied by a decrease in Bacteroidetes compared to the

sham group. Because the dynamic balance and metabolic regulation
of the gut microbiota are mainly dominated by Firmicutes and
Proteobacteria, the changes in their abundance always affect the

FIGURE 6
Pellets repaired the intestinal barrier. Serum levels of TMAO (A), IS (B), PCS (C), D-LA (D), ET (E) and DAO (F) (n = 5). Images of the
Immunofluorescence-stained sections of Occludin (G), Claudin-1 (H) and Claudin-2 (I) in colon tissue.
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host’s metabolic processes. For instance, the increased
Proteobacteria may be favorable to the growth of the anaerobic
Firmicutes, thereby causing an imbalance in the gut microbiota
(Bhargava et al., 2022; Li et al., 2020). Moreover, increased
Firmicutes and Proteobacteria phyla have also been associated
with elevated inflammatory responses in CKD patients, further
impairing kidney function (Shahi et al., 2022). However, both the
administration of CPs pellets and APSP significantly reduced the
abundances of Firmicutes and Proteobacteria compared to themodel
group (Figure 5E), implying that APS may have a regulatory effect
on the intestinal flora.

At the genus level (Figure 5F), a reduction in
Muribaculaceae_unclassified and UCG-005 was observed in the
UUO group compared to the sham group. This reduction is
known to lead to toxin accumulation in the intestine, the
occurrence or exacerbation of gut inflammation, and a
decrease in short-chain fatty acids (SCFAs) like butyrate
(Lohia et al., 2022). Notably, both APSP and CPs pellets
administration resulted in an increase in Muribaculaceae_
unclassified, indicating that both formulations significantly
modulated the dysbiosis of gut microbiota induced by UUO
surgery. This suggests that the sustained-release pellets
allowed for a prolonged release of APS in the lower GIT,
enhancing its prebiotic function.

Furthermore, Linear discriminant analysis (LDA) effect size
(LEfSe) analysis was conducted to identify dominant phylotypes
that were significantly altered. Interestingly (Figures 5G, H), the
microbial composition regulated by CPs pellets and APSP
differed significantly. The administration of APSP specifically
increased the abundance of Anaerofustis, while CPs pellets
specifically enriched the abundances of specific genera, such as
Lachnospiraceae unclassified. Lachnospiraceae, a bacterium that
produces SCFAs, can protect the intestinal barrier by acidifying
the intestinal environment and inhibiting the growth of harmful
bacteria (Pan et al., 2022). The differences in microbial
composition between the APSP and CPs pellet groups may be
attributed to the coexistence of TRA and TAS in CPs pellets,
particularly TAS, which could influence the gut microbiota to
some extent (Zhou et al., 2021).

Additionally, it is known that gut microbiota dysbiosis
induced by UUO surgery leads to increased endogenous toxin
and disruption of the intestinal epithelial barrier, exacerbating
kidney injury (Pan et al., 2023). Therefore, the serum levels of
gut-derived endotoxins, including TMAO, IS, and PCS, as well as
markers of intestinal permeability, including D-LA, ET, and
DAO, were measured. As shown in Figures 6A–C, all
formulations significantly reduced the serum levels of TMAO,
IS, and PCS, with the most notable reductions observed in the
APSP and CPs pellet groups. Similar effect of APSP and CPs
pellets on the regulation of D-LA, ET, and DAO were also
observed (Figures 6D–F). This indicates a more pronounced
effect in restoring intestinal barrier function.

Finally, immunofluorescence staining was performed to assess
the levels of occludin, claudin-1, and claudin-2, which are markers of
tight junctions in colon tissue. As shown in Figures 6G–I, APSP, and
CPs pellets exhibited significant protective effects on the intestinal
mucosal barrier, consistent with previous reports (Liu J. Y. et al.,
2022). Overall, APS played a vital role in the therapeutic efficacy of

CPs pellets by regulating gut microbiota and protecting the
intestinal barrier.

4 Conclusion

Promising combined pellets, containing TRA/TAS-loaded self-
nanoemulsifying pellets and APS-loaded colonic site-specific pellets,
were successfully developed for the synergistic treatment of renal
fibrosis. The ex-vivo study demonstrated that the developed pellets
could release TRA and TAS completely in the upper GIT and
delivered APS specifically to the lower GIT. The in vivo study
confirmed that combined pellets effectively mitigated UUO-
induced renal fibrosis through spatiotemporal delivery of TRA/
TAS and APS. The developed combined pellets could provide a
promising strategy for effectively delivering multiple components of
TCM formulas in a spatiotemporal manner, contributing to the
synergistic treatment of chronic kidney disease. As a simple
switchable drug delivery system, our system encourages further
investigation on the use of MUPS platforms and spatiotemporal
delivery of multiple components of TCM to different regions
along the GIT.
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