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Berberine-loaded PLGA nanoparticles k-4

alleviate ulcerative colitis by targeting IL-6/IL-
6R axis
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Abstract

Aims The present study aims to develop a nano-delivery system that encapsulates berberine (BBR) into PLGA-based
nanoparticles (BPL-NPs), to treat ulcerative colitis (UC). Furthermore, the therapeutic efficacy and molecular targeting
mechanisms of BPL-NPs in the management of UC are thoroughly examined.

Methods Emulsion solvent-driven methods were used to self-assemble BBR and PLGA into nanoparticles, resulting
in the development of the nano-delivery system (BPL-NPs). The therapeutic effectiveness of BPL-NPs was evaluated
using a dextran sulfate sodium (DSS)-induced model of ulcerative colitis in mice and a lipopolysaccharide (LPS)-
induced model of inflammation in THP-1 macrophages. The interaction between Mgs and NCM-460 cells was
investigated using a co-culture system. The molecular targeting ability of BPL-NPs in the treatment of UC was
validated through in vitro as well as in vivo experiments.

Results The BPL-NPs demonstrated a particle size of 184+ 22.4 nm, enhanced dispersibility in deionized water, and

a notable encapsulation efficiency of 31.1+£0.2%. The use of BPL-NPs clearly improved the clinical symptoms and
pathological changes associated with UC in mice while also ensuring minimal toxicity. In addition, BPL-NPs improved
intestinal epithelial cell apoptosis and enhanced the function of the intestinal barrier by inhibiting M1 Meos infiltration
and IL-6 signaling pathway in mice with UC. Furthermore, the BPL-NPs were found to selectively target the IL-6/IL-6R
axis during the M1 Mes-induced apoptosis of NCM460 cells.

Conclusion The BPL-NPs were confirmed to harbor anti-inflammatory effects both in vitro and in vivo, along with
enhanced water solubility and bioactivity. In addition, the precise targeting of the IL-6/IL-6R axis was confirmed as the
mechanism by which the BPL-NPs exerted therapeutic effects in UC, as demonstrated in both in vitro as well as in vivo
studies.
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Introduction

Ulcerative colitis (UC) is a chronic immune-mediated
disease characterized by recurring and remitting inflam-
mation of the rectum’s mucosal lining, which may also
extend to the colon’s proximal segments. The incidence
of UC, as well as the rate of mortality caused by UC has
been increasing each year in industrialized nations, par-
ticularly in Europe and North America [1]. At present,
the management of UC typically commences with drug
therapy, including the administering of 5-aminosalicylate
acid, corticosteroids, antibiotics, or anti-tumor necrosis
factor therapies [2, 3]. However, at the end of treatment,
only 40% of patients experience clinical remission while
also experiencing various side effects such as moon face,

osteoporosis, type 2 diabetes mellitus, depression, and
cataracts [4]. Accordingly, these limitations necessitate
the investigation of novel drugs to effectively treat UC.
There has been evidence that traditionally Chinese
medicine (TCM) compounds can inhibit chronic and
acute intestinal inflammation [5]. Furthermore, they
can also regulate the composition of intestinal flora and
enhance the function of the intestinal epithelial bar-
rier [6]. Nonetheless, most natural compounds exhibit
low water solubility, reduced bioavailability and chemi-
cal stability, and are rapidly metabolized in vivo [7-9].
Berberine (BBR), which forms a critical component of
TCM, is a natural isoquinoline alkaloid found in plants
such as Berberis vulgaris, Cortex phellode, and Rhizoma
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coptidis. BBR has been extensively used in medical set-
tings for anti-inflammatory, anticancer, antidiabetic, and
possesses high-affinity protein targets (including ROCK2,
PIK3CD, KCNMA1, CSFIR and KIT) [10]. It has been
demonstrated that BBR was able to improve macro-
phage M2 polarisation in UC [11]. In addition, BBR has
been demonstrated to effectively treat UC by suppressing
immune-inflammatory responses and regulating meta-
bolic homeostasis in the host [12, 13]. Accordingly, BBR
has been demonstrated to significantly reduce inflam-
mation caused by DSS-induced UC. However, BBR has
low water solubility and limited bioavailability. Further-
more, it has a short half-life, and can result in side effects
caused by systemic exposure or non-specific biodistribu-
tion following oral or parenteral administration. Conse-
quently, the use application of BBR in clinical settings is
limited. Thus, the use of BBR encapsulation strategies,
which facilitates the development of novel drug delivery
systems that retain the efficacy and targeting abilities
of BBR, offers significant promise in addressing these
limitations.

The advent of nanomedicine in recent years has pro-
vided novel insights into innovative therapeutic strat-
egies, effectively transforming the treatment of UC.
Nano-delivery systems can be designed to enhance the
solubility and stability of drugs, improve their bioavail-
ability, regulate their release rate, increase the concen-
tration of the drug at the desired site, and reduce the
systemic toxicity of therapeutic drugs [14]. In this con-
text, nanoparticles (NPs) composed of gelatin, cellulose,
and chitosan have been utilized for the targeted delivery
of anti-inflammatory drugs to inflamed colonic tissue,
resulting in improved therapeutic outcomes in UC [15-
17]. Furthermore, previous studies have utilized the cell
membrane as a carrier to deliver a wide range of drugs,
including BBR, to specifically target inflamed colonic tis-
sue and immune cells [18, 19]. However, the fabrication
of cell membrane-encapsulated nanobionic drug delivery
systems is complex and difficult to regulate. The typi-
cal size of a cell ranges from 5 to 100 pm; thus, it needs
to be significantly reduced for use as a nanoscale deliv-
ery system. Poly (lactide-co-glycolide) (PLGA) has been
approved as a pharmaceutical excipient by the Food and
Drug Administration. It exhibits high biocompatibility
and has been frequently used as a delivery vehicle for
therapeutic substances [20]. In addition, PLGA-based
NPs have been used to deliver BBR in treating cardiovas-
cular disease and tumors, resulting in improved thera-
peutic outcomes [21, 22].

The present study involved the development of a
nano-delivery system with anti-inflammatory proper-
ties. The system was created using BBR and PLGA-based
NPs through a process called emulsion solvent-driven
self-assembly. Consequently, it was theorized that by
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enclosing BBR within PLGA and incorporating it into
NPs, the therapeutic efficacy in UC could be enhanced.
Accordingly, experiments were investigated in vitro
as well as in vivo to determine the mechanisms that
explain the therapeutic effects of this BBR-encapsulated
nanotherapy.

Materials and methods

Reagents and drugs

Detailed information on the reagents and drugs used in
this study can be found in Table S1.

Preparation of berberine-loading PLGA
nanoparticles (BPL-NPs)

For the emulsion solvent evaporation fabrication, 5 mg
PLGA with varying concentrations of BBR (ranging from
0 to 2 mg) were mixed in 1 mL of dichloromethane to
form an oil phase. Then, 6 mL of deionized water con-
taining 1.2 mg Lecithin was added to this oil phase. Sub-
sequently, emulsification was carried out using a probe
sonicator, with a duration of 3 min and a power level of
approximately 150 W. Oil-in-water nanoemulsions are
evaporated using a rotary evaporator at ambient temper-
ature to remove solvents. Correspondingly, the resulting
mixture was then dialyzed for 24 h in deionized water,
after which it was lyophilized. A BBR-PLGA formula-
tion incorporating Cyanine 5 (Cy 5) was prepared using a
similar approach. 0.5 mg of Cy 5 NHS ester, 1 mg of BBR,
and 5 mg of PLGA were dissolved in 1.5 mL of dichloro-
methane to prepare the oil phase.

A 450 nm microplate reader (Epoch, BioTek, USA) was
used to measure BBR concentration in BBR-PLGA. Fol-
lowing are the equations used to determine drug loading
content and entrapment efficiency.

Drug loading content (%)
= Weight of BBR in NPs/Weight of BBR — loaded NPs x100%

Entrapment efficiency (%)
= BBR content in NPs (%) / Theoretical BBR content (%) x 100%

Bioinformatics and immune infiltration analysis of

ucC

RNA expression arrays of UC patients were obtained
using the Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo). An empirical Bayesian approach was
used to identify differentially expressed genes (DEGs)
using the Bioconductor “Limma” package within the
R environment. There were significantly up-regulated
and down-regulated DEGs with a logFC (fold change)
greater than or equal to 1.0 and a false discovery rate of
0.05 or less. Subsequently, in order to investigate the dif-
ferences in gene expression between two distinct sets of
phenotypic samples, GSEA was used. Gene sets with a


http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo

Liu et al. Journal of Translational Medicine (2024) 22:963

normalized enrichment score (NES)>1.5 or -1.5, and an
adjusted P-value (P,4;)<0.05, were deemed to be signifi-
cant. In addition, the CIBERSORT deconvolution algo-
rithm was utilized to examine the immune infiltration of
both the UC and healthy samples, using gene expression
profiles. The permutation (perm) was adjusted to 1000
to achieve more excellent result stability. In addition, we
also measured the enrichment scores of macrophages, B
cells, CD8+T cells, DCs, neutrophils, and natural killer
cells using single sample gene set enrichment analy-
sis (ssGSEA). Furthermore, the enrichment scores of
immune functions such as antigen-presenting cell (APC)
co-inhibition, chemokine receptors (CCR), human leu-
kocyte antigen (HLA), parainflammation, T cell co-inhi-
bition, and T cell co-stimulation were also quantified.
P-value<0.05 was used to filter the samples. In addition,
the correlation between the expression of hub genes and
the presence of immune-infiltrated cells, as analyzed by
CIBERSORT, was assessed using the Pearson correlation
coefficient (P<0.05).

Design of animal experiments

The use of the animal model involving male mice with
induced UC using a 3% DSS (w/v) solution was reported
previously in earlier studies [11-13]. The mice used in
the experiments were randomly assigned to one of four
groups: control, UC, PLGA-NPs, and BPL-NPs. Each
group constituted a combined total of 10 mice. The
study employed a retention enema to administer the
NPs. Accordingly, the control and UC mice were given
a 0.2 ml dose of 0.9% N.S for 7 days. Subsequently, each
group received 0.2 ml of PLGA-NPs and 0.2 ml of BPL-
NPs (with a concentration of 0.09 mg/mL), respectively.
Finally, the colon tissue samples were obtained from all
mice, following their euthanasia, stored at a temperature
of -80, and subsequently utilized for additional experi-
ments. All experimental procedures were approved by
the Fourth Military Medical University’s Ethics Commit-
tee in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Disease performance and disease activity index
(DAI)

The severity of UC was assessed by daily monitoring of
disease activity, which included tracking body weight,
stool consistency, and fecal occult blood. The DAI score
was calculated using the scoring system outlined by
Wirtz et al. [23]. The system includes a weight loss score,
a diarrhea score, and an occult blood score. On Day 14,
the experiment concluded and all mice were euthanized.
Subsequently, the colon tissues were collected.
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Identification of M1 M in the colon and
immunofluorescence (IF) staining

The colon tissue was stained using the immunofluo-
rescence (IF) protocol described by Im et al. [24]. The
fluorescent markers used to identify the M1 M¢ in the
intestine comprised F4/80% CD86% (1:50). On the other
hand, the colon tissue sections were treated with a poly-
clonal anti-IL-6 Ab (1:50) and an anti-Caspase-3 Ab
(1:50). Subsequently, fluorescent images were acquired
via fluorescence microscopy at a magnification of 200X
(Olympus, Japan).

Transmission electron microscope (TEM)

The colon samples were preserved using a solution con-
taining 2.5% glutaraldehyde (pH 7.4) and 1% osmium
tetraoxide. The specimens were desiccated using alcohol
and acetone, and then encased in araldite. Subsequently,
the tissues were cut into slices measuring 60-70 nm
thick. These slices were then treated with uranyl acetate
and lead citrate for staining. Subsequently, the ultrastruc-
ture of the intestinal mucosa and tight junction com-
plexes in colon tissues were examined and photographed.

Cell culture and co-culture system

Both THP-1 (ATCC, USA) and NCM-460 (normal
colonic epithelial cells) (Fenghui Biological Cell Center)
cell lines were used in this study. A humidified environ-
ment containing 5% CO2 and 10% fetal bovine serum was
used to cultivate the two cell lines in RPMI-1640 medium
supplemented with 1% penicillin/streptomycin at 37 °C.
The THP-1 cells were cultured in a 6-well plate with a
density of 1.5x10° cells per well. They were then exposed
to 10 ng/mL of PMA and 0.3% bovine serum albumin for
48 h. After THP-1 cells were confirmed to be M¢s, LPS
(200 ng/mL) was administered to generate M1-polarized
Mg¢s. The characteristics of NCM-460 cells were exam-
ined by co-culturing M¢s derived from THP-1 cells and
NCM-460 cells. The NCM-460 cells were cultured in
a 6-well plate with a density of 2x10° cells per well for
12 h, and then transferred to the lower transwell cham-
ber. The induced M¢s were subsequently introduced into
the upper chamber at a density of 1.5x10° cells/well. The
duration of the co-cultivation system ranged from 24 to
48 h.

Flow cytometry (FCM) analysis

Flow Cytometry (FCM) was utilized to analyze the pro-
cess of apoptosis in NCM460 cells and to detect the
fluorescence of Cy5. The Apoptosis Detection Kit was
acquired from BD (San Jose, CA). NCM460 cells were
harvested and subsequently labeled with Annexin V/
PE and 7-amino-actinomycin (7-AAD) in a 400 pl bind-
ing buffer solution. The cells were cultured for 20 min at
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ambient temperature, and the apoptosis rate was ana-
lyzed using FCM (BD, FACSCanto II, USA).

High-content system (HCS) array

The HCS array system was utilized for the morphological
identification of NCM460 cells. Accordingly, fluorescent
dyes, including Hoechst 33,342, ethidium homodimer-1
(EthD-1), and Calcein AM, which have been reported
previously, were used in the current study [25]. The con-
figuration of the HCS array system adhered precisely to
the guidelines outlined in the instruction manual.

siRNA transfection

The IL-6R knockdown assay involved using IL-6R-tar-
geting small interfering RNAs (siRNAs) prepared by
GenePharma Ltd (Shanghai, China). Following specific
instructions, These siRNAs were cloned into NCM460
cells using JET (jetPRIME). Non-homologous scrambled
sequences were used as negative controls (NC). The effi-
cacy of knockdown was confirmed through RT-qPCR
(Fig. S1).

RNA sequencing and gene set enrichment analysis

In order to assess the alterations in the transcriptome
of colonic tissues among various groups, colonic tis-
sues were collected and total RNA was isolated using
the TRIzol method. RNA-seq transcriptome library was
generated using the Illumina® Stranded mRNA Prep,
Ligation kit from Illumina (San Diego, CA) using 1 pg
of total RNA. The differential expression genes (DEGs)
were determined using the transcripts per million reads
(TPM) method and analyzed using the DESeq2 soft-
ware. Accordingly, DEGs with |log2FC| 21.0 or -1.0 and P
value <0.05 were considered significant DEGs.

PCR array and qRT-PCR

Total RNA was extracted from colon samples or
NCM460 cells using TRIzol, and the cDNA was then
reversed using the PrimeScript RT Reagent Kit, follow-
ing the manufacturer’s protocol. The cDNA was analyzed
using PCR Array (Wcgene Biotech, Shanghai, China)
to detect the expression of all mRNA in the pathway.
Accordingly, quantitative real-time PCR (qRT-PCR) was
performed in triplicates using the CFX Connect Real-
Time PCR System (BIO-RAD). GAPDH functioned as
an internal reference gene. The primers are displayed in
Table S1.

Western blot analysis

Protease inhibitors in the Radio-Immunoprecipitation
Assay (RIPA) buffer were used to collect total protein
from colon samples. The total protein sample was sub-
jected to electrophoresis using 10% SDS polyacryl-
amide gels and transferred to PVDF membranes. The
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membranes were immersed in a solution of 5% fat-free
milk for 2 h, followed by incubation with the speci-
fied primary and secondary antibodies. The data about
antibodies is presented in Table S1. The gray signal of
the blots was detected using an enhanced chemilumi-
nescence (ECL) kit with the e-Blot equipment (e-Blot,
Shanghai).

Statistics analysis

The data were reported as the mean+standard deviation
(SD) and were analyzed using the SPSS software pro-
gram (version 21.0). Data were presented using one-way
ANOVA followed by LSD test. For the data of repeated
measurement, repeated measures analysis of variance
was applied, and the LSD method was used for mul-
tiple comparisons. A significance level of P<0.05 was
deemed statistically significant, while a significance level
of P<0.01 was considered highly significant. The results
were visually presented using R software and GraphPad
Prism software.

Results

Characterizations of BPL-NPs

The significant challenges to the widespread application
of BBR include its limited water solubility and its reli-
ance on specific organic solvents. In order to address this
constraint, BBR-loading PLGA nanoparticles (BPL-NPs)
were synthesized (Fig. 1A). BPL-NPs containing BBR
were produced using a double emulsion solvent evapo-
ration approach. Initially, we synthesized PLGA-NPs in
the presence of lecithin. Consequently, the resulting NPs
exhibited a typical core-shell structure, wherein a lecithin
shell enveloped a hydrophobic core. In this context, the
TEM analysis revealed that the PLGA-NPs had a distinct
and clearly defined spherical shape, as depicted in Fig. 1B.
Additionally, the dynamic light scattering measurements
results indicated that the PLGA-NPs exhibited a narrow
size distribution (Fig. 1C), with an average diameter of
162.2 nm and a zeta-potential of -23.4+1.7 mV (Fig. 1D).
Subsequently, various BPL-NPs were prepared. BBR was
combined with PLGA in a 6:1 ratio in lecithin-free water,
using dichloromethane as a solvent. This mixture was
subjected to sonication at room temperature for a dura-
tion of 3 min. Subsequently, the effects of various concen-
trations of BBR (ranging from 0.5 to 2 mg) on the mean
diameter of the resulting NPs (Fig. 1E) and their poly-
dispersity index (Fig. 1F) were analyzed. Optimal results
were obtained when the BBR content was 1.75 mg, as
demonstrated by the morphology and distribution of the
resulting NPs. TEM observations (Fig. 1G) revealed that
the NPs formed by BPL were nearly spherical in shape,
with a mean hydrodynamic diameter of 184+22.4 nm,
as quantified via dynamic light scattering (Fig. 1H). In
addition, the zeta-potential of the as-obtained NPs was
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Fig. 1 Fabrication and characterization of BPL-NPs. A: Schematic diagram illustrating the fabrication of BPL-NPs using an emulsion solvent evaporation
method; B-D: TEM (B), size distribution (C), an zeta-potential (D) of PLGA nanoparticles; E,F: Mean diameters (E) and polydispersity index (F) of different
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determined to be negative, specifically —18.5+3.8 mV
(Fig. 1I). Evidently, BPL-NPs have better dispersibility in
deionized water, as shown in Fig. 1J. Furthermore, the
polydispersity index was less than 0.2, suggesting a rela-
tively limited range of sizes for the BPL-NPs. In addition,
the BBR loading content and entrapment efficiency for

BPL-NPs were 31.1+0.2% and 54.7+0.4%, respectively,
with a concentration of 256.15 uM (Table S2).

Cellular uptake of BPL-NPs in vitro
Ensuring the effective internalization of BPL-NPs by cells
is a crucial prerequisite for achieving high therapeutic
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efficacy. To verify the targeting efficacy of BPL-NPs, a cel-
lular uptake experiment was conducted using NCM460
cells. The ideal concentration of BPL-NPs for NCM460
cells was determined to be 20 uM, resulting in a cell
viability of over 90% (92.51+£16.02, Fig. S2). In addition,
the HCS array imaging demonstrated intense Cy 5 fluo-
rescence signals, which were localized in the cytoplasm
or on the membrane of NCM460 cells following a 4-hour
incubation period (Fig. 2A). Furthermore, the fluores-
cence of Cy 5, as detected by FCM, exhibited a plateau
in uptake after 4 h of incubation (Fig. 2B and C). As the
duration of time increased, the process of cellular uptake

gradually became more pronounced and peaked at 12 h
of incubation (Fig. 2C). These results demonstrate that
the BPL-NPs were rapidly internalized into the mem-
brane or cytoplasm of NCM460 cells.

IL-6 signaling pathway promoted the immune-infiltrating
of M1 M@s in UC

The GSE87473 database [26], comprising 106 UC
patients and 21 healthy individuals, was also analyzed in
this study. There were 2805 DEGs identified, of which 468
were upregulated and 523 were downregulated (Fig. 3A).
In addition, the GSEA results revealed significant



Page 8 of 20

Liu et al. Journal of Translational Medicine (2024) 22:963
A Up # Notsig Down B IL6 Signaling Pathway Jak Stat Signaling Pathway
| | Lok B NES = 1,848 064 NES = 2.338
I | Padj = 0007 Padj <0001
® G FDR = 0.005 © f FDR <0.001
30 4 } : 3 044 g 0.4 ‘}
) o : i |
—§ u; | 5 02 ) 5 024 b
a 20 - | & B & o
° oA 004~ -~ -
@ &
3 Il [
T 10
2 e
g 251 g 25
__________ 2 00 2 004
04 El H
T T T T T £ -254 £ 25
=50 =25 0.0 25 50 & v y , I3 . ; :
Log, (Fold Change) 0 4000 8000 12000 0 4000 8000 12000
08 (Fol ange Rank in Ordered Dataset Rank in Ordered Dataset
D E3 Ulcerative Colitis (UC) B3 Normal
1.0 = - P =
084 ™ = -4 o = B e = L by ] I
o +* " +. B ,-.**.E_ - B +* - *
04 * vom : ** ! +* ‘ *... Fun *q._ H * +‘
. : ' H - .
0.2 . . : :

00 T T T T T ¥ T T T T T T T T T T T T T T T T T T T T T T T
o 3 g 3 9 2 @ 9 9 9 & & 3 & N\ 2 2
& & &S F & 2 Q‘\\\ S 2 & & Gt "\&Q _\‘\\o‘\ 'é\\o(\ OOQ. Q"\(\ *‘A@ Q‘\y 5° i 6‘\00 \@o fb“oo © §°
APy Y& s S R g NS Q7 & X NalR 'Y CEFLLPF L L
x/ FORRCINPNAIE S & AN & & o7 L o7 0& A E &
oo‘b & W @ 702 ¥ ¥ R RS é’,‘a &>
4 O Q@ NS
< L767 o & Mol NV
v & SIS I I
7
E N :
E3 Ulcerative Colitis (UC) B3 Normal
0.4 4
0.3 . - axx
— ) = - T
02 : -, I . B Fo X :
— — 5
: 2k H . *ox
0.1 ‘ = .. ] .
" s 1] 1 2 = i H
o | i H..x..l..é. i L
° T T T T T T T T T T T 1 T T T T
@ 2 2 @ > > > @ > 2 L & S D O D 2 ¥
S @ o @ S € s & & 5 S EEELEs L5 &L
Feo § 88 8T ¢ 578 8L T 788
& 7 > 7 oy > 7 7
W FEN G EINSFT I TFEEFI T
pod
Y g\; & q)@ S § 2/ §' &7 F§ & & & o & \,(;
N R $ SYS S &S g
S F 8§ e w7 & L <
»/ O ~ & &
7 7
& q\,\"’ ~
AN/ G
F =
MYC o) (@) = Significance (-log10(p))
ILe o) 000 e O p<.05
IL23A )
IL21 @] O o} O ) o} C°’Be'7‘"5"°“
IL1B ooo O o 0.50
IL17A 0.25
o IL12A ?60205
g IL11 O 5 050
IL10 D O O
EGFR O o O O o] O 0
cxcL12 o) o o) O o
CXCL10 o O o o o
CEBPD 0 O (
cD8o (©] o O (@]
ccLs o] o] )
> > :
6T SN N ST T F g 0 T
IS 3 CK X o S 7 &8 ,
f&\\q ES \\'a> & & & P ’ \\9/\&°°$°\$ o \\e> < foooa%pv/ IS
iy &\\a; & & R ()@Q &\\e/\ & &\‘ei_?@ Q@&o‘ /é(\ 38 i \\\o‘) &
? . Sl F F & S s & &8 S o
&\\\("’(\b‘ W W @ & < 5 FIAT &\\e/ & fcg/‘?»
& F &7 &Ry
7 @7 & Nt
A 7
<7
Cell_Type

Fig. 3 Bioinformatics and immune infiltration analysis of the UC and healthy groups. A: Volcano plot of DEGs in the GSE87473 database; B: GSEA of IL-6
signaling pathway in the GSE87473 database; C: GSEA of JAK-STAT signaling pathway in the GSE87473 database; D: Immune cells infiltration and function
analysis between UC and healthy samples; E: Subtypes of immune cells infiltration analysis between UC and healthy samples; F: Correlation matrix of hub

genes in the IL-6 signaling pathway and immune cell subtypes in UC. #P<0.05, ##P<0.01 and " P<0.001



Liu et al. Journal of Translational Medicine (2024) 22:963

upregulation of the IL-6 signaling pathway (NES=1.848,
Padj = 0.007, Fig. 3B, Table S3) and JAK-STAT signal-
ing pathway (NES=2.338, P, <0.001, Fig. 3C, Table S3)
in the UC phenotype. Furthermore, these results indi-
cated that the IL-6 and JAK-STAT signaling pathways
were over-activated, which was the primary mechanism
responsible for UC. Subsequently, both the UC and
healthy samples were analyzed for immune infiltration.
The differential analysis of immune cells showed that
patients with UC exhibited a significantly elevated level
of macrophages (M¢s), when compared to other groups
("P<0.001, Fig. 3D, Table S4). An analysis of immune
function further revealed that UC patients exhibited
significant levels of CCR (chemokine receptors), HLA
(human leukocyte antigen), inflammation-promoting
factors, and parainflammation (Fig. 3D, Table S4). Sub-
sequently, a more in-depth examination of the different
categories of immune cells was conducted. The findings
revealed a notable increase in MO and M1 M¢s among
UC patients. In contrast, the healthy group exhibited sig-
nificantly higher levels of M2 M¢s (P <0.001, Fig. 3E).
In addition, the correlation analysis between hub gene
expression in the over-activation IL-6 signaling pathway
[27] and immune-infiltrated cells further revealed that
the expression of CD80, CEBPD, CXCL10, IL1B, and
IL.23a was positively correlated with the activation of M1
Mg¢s. Nevertheless, the gene expression in the IL-6 sig-
naling pathway exhibited a negative correlation with M2
Mg¢s, with the exception of CCL5 and CXCL12 (Fig. 3F,
Table S5). These findings demonstrate that the activation
of the IL-6 signaling pathway significantly enhanced the
immune infiltration of M1 M¢s in UC, as indicated by
the expression of their signatures.

BPL-NPs ameliorated disease performance of UC mice

Current research also investigated the therapeutic effects
of BPL-NPs on UC mice induced by DSS. As illustrated
in Fig. 4A, in comparison to the control and BPL-NPs
groups, the colon length of the UC group was consider-
ably shorter. Colon length increased significantly after
administering BPL-NPs. Furthermore, the UC group
exhibited noticeable weight loss starting on the fourth
day. On the other hand, the weight loss of UC mice in the
BPL-NPs group was significantly alleviated (Fig. 4B). In
addition, the DAI values exhibited a significant decrease
following treatment with BPL-NPs, which can be attrib-
uted to alleviating symptoms such as weight loss, diar-
rhea, and positive results in the fecal occult blood
test (Fig. 4C). The H&E staining revealed a predomi-
nant infiltration of neutrophils and lymphocytes in the
mucosa and lamina propria of the UC group, as shown
in Fig. 4D. Conversely, the pathological changes observed
in the BPL-NPs group were less pronounced than those
observed in the UC group. Moreover, a significant
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increase in goblet cells in the crypts of the colon was
observed after administration of BPL-NPs, as well as a
significant reduction in neutrophil and lymphocyte infil-
tration (Fig. 4D). These findings clearly demonstrate that
the BPL-NPs possess the required attributes to effectively
treat UC.

BPL-NPs ameliorated apoptosis of intestinal epithelial cells
via inhibiting M1 Mes in UC mice

Previous results, as shown in Fig. 3E and F, revealed a
notable increase in the presence of M1 macrophages and
the expression of IL-6 in UC patients. As a result, triple-
labeling markers (F4/80*CD86*1L6"%) were used to iden-
tify M1 M¢s in the colon specifically. As anticipated, the
colon lining of the UC mice was significantly infiltrated
with M1 M¢s (CD86", indicated by green fluorescence)
(Fig. 5A). In addition, the expression of IL-6 (indicated
by yellow fluorescence) was considerably higher in the
colon mucosa (Fig. S3). However, following treatment
with BPL-NPs, there was a notable reduction in the
proportion of infiltrated M1 M¢s and the expression of
IL-6" in the intestinal mucosa (Fig. 5A). Subsequently, an
assessment of intestinal epithelial cell (IECs) apoptosis
and mucosal barrier integrity was carried out using BPL-
NPs. As shown in Fig. 5B and S4, the use of BPL-NPs
significantly reduced the apoptosis ratio of IECs, as indi-
cated by the results of the TUNEL analysis. Consistent
with the above, Caspase-3, an activated apoptosis marker,
was also decreased by the treatment of BPL-NPs (Fig. 5C,
Fig. S5). In addition, the TEM results indicated that treat-
ment with BPL-NPs effectively reduced the disruption
of the intestinal barrier and tight junctions caused by
DSS, as demonstrated in Fig. 5D. Owing to the fact that
an endemic route of administration was adopted in this
study, no discernible toxic effects were found on major
organs such as the heart, liver, spleen, lungs, and kidneys
(Fig. 5E). Based on these results, BPL-NPs were found to
reduce apoptosis of IECs, inhibit M1 macrophage infil-
tration, and inhibit IL-6 expression in mice with UC.

BPL-NPs down-regulated inflammatory response pathways
in UC mice

The transcriptomics analysis revealed a total of 5,887
DEGs in the UC group, when compared to the control
group (Fig. 6A, Table S6). Among these DEGs, 3,157 were
upregulated and 2,730 were downregulated. In this con-
text, the transcriptional expression level of I1-6 (Fig. 6B)
and its membrane receptor, II-6Ra (Fig. 6C), were
found to be significantly upregulated in the UC group.
Furthermore, the results of GSEA indicated that the
inflammatory response pathway (Fig. 6D, Table S7) was
significantly upregulated in the UC phenotype. In addi-
tion, all inflammatory pathways, such as interleukin 6
family signaling (Fig. 6E), 116 signaling pathway (Fig. 6F),
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Fig. 6 Results of the transcriptomics analysis and GSEA between groups (n=5). A: Volcano plot of DEGs between UC and control groups; B: TPM expres-
sion of II-6 between UC and control groups; C: TPM expression of II-6Ra between UC and control groups; D: GSEA of inflammatory response pathway
between UC and control groups; E: GSEA of interleukin 6 family signaling between UC and control groups; F: GSEA of II-6 signaling pathway between UC
and control groups; G: GSEA of Jak/Stat signaling pathway between UC and control groups; H: GSEA of Nf-kb Pathway between UC and control groups;
I: Volcano plot of DEGs between BPL-NPs and UC groups; J: GSEA of inflammatory response pathway between BPL-NPs and UC groups; K: GSEA of in-
terleukin 6 family signaling between BPL-NPs and UC groups; L: GSEA of 11-6/7 pathway between BPL-NPs and UC groups; M: GSEA of Jak/Stat signaling

pathway between BPL-NPs and UC groups

Jak/Stat signaling pathway (Fig. 6G), and Nf-kb Path-
way (Fig. 6H), were also significantly upregulated in the
UC phenotype, which was consistent with the findings
reported in previous studies (Fig. 3B and C). In contrast,
the transcriptional expression in the UC mice underwent
a change in the opposite direction due to the intervention
of BPL-NPs. As presented in Fig. 61 and Table S8, 4587
DEGs were detected in the BPL-NPs vs. UC groups, of
which 1820 were upregulated and 2767 were down-reg-
ulated. In addition, the phenotype of the BPL-NPs group
showed significant down-regulation of various inflam-
matory pathways, such as the inflammatory response
pathway (Fig. 6], Table S9), interleukin 6 family signaling
(Fig. 6K), 116/7 pathway (Fig. 6L), and Jak/Stat signaling
pathway (Fig. 6M). Thus, based on these results, it was
hypothesized that BPL-NPs primarily affect the pheno-
type of the inflammatory response, with the inhibitory
process possibly involving the I1-6 and Jak/Stat signaling
pathways.

BPL-NPs inhibited Il-6/Stat3 signaling pathway in UC mice
The transcriptomics analysis revealed that BPL-NPs
significantly inhibited the expression of 116 and the Jak/
Stat signaling pathway in mice with UC. Accordingly,
additional research into the molecular mechanism at the
mRNA level and PCR array analysis was conducted. The
mRNA expression heat map revealed a significant down-
regulation of most genes associated with the activators,
receptors, and targets of the Il-6/Stat3 signaling path-
way after treatment with BPL-NPs (Fig. 7A, Table S10).
Furthermore, the expression of activator genes (II-6 and
Cxcl12, Fig. 7B and C), receptor genes (Il6ra and Il6st,
Fig. 7D and E), downstream signaling genes (Bax and
Stat3, Fig. 7F and G), and target genes (Ccl12 and Sosc3,
Fig. 7H and I) in the II-6/Stat3 signaling pathway were
also significantly down-regulated following treatment
with BPL-NPs. Accordingly, it was hypothesized that
the down-regulation of upstream or downstream genes
in the I1-6/Stat3 signaling pathway played a pivotal role
in the therapeutic effects of BPL-NPs in the treatment of
UC.

BPL-NPs inhibited IL-6/IL-6R axis to ameliorate apoptosis of
NCM-460 cells

To clarify the molecular targeting of BPL-NPs, in vitro
verification experiments were conducted. Previous stud-
ies have demonstrated that a higher ratio of M1 M¢s

significantly promotes proinflammatory responses and
triggers apoptosis of IECs in UC [28, 29]. Accordingly,
the impact of M1 M¢s on NCM-460 cells was evalu-
ated in the current study. As shown in Fig. 8A, follow-
ing a 6-hour stimulation by LPS, M1 M¢s exhibited a
significantly higher production of IL-6 than M0 Mg¢s.
Furthermore, the highest level of IL-6 was observed at
the 12-hour mark. The protein expression of IL-6 was
consistently and significantly increased in M1 M¢s, as
shown in Fig. 8B. Subsequently, a co-cultivation system
(Fig. 8C) was used to investigate the impact of M1 M¢s
on NCM-460 cells. Following a 24-hour co-culture with
M1 macrophages, the apoptosis of NCM-460 cells was
significantly increased (Fig. 8D). Based on the findings,
it was hypothesized that the apoptosis of NCM-460 cells
could be associated with the increased secretion of IL-6
by M1 M¢s. In addition, the IL-6R membrane receptor of
NCM-460 cells, rather than gp130 (as shown in Fig. 8E),
was found to be dominantly activated by the elevated
levels of IL-6 produced by M1 M¢s. Subsequently, the
expression of IL-6R was suppressed in NCM-460 cells,
which were then co-cultured with M1 M¢s. As a result,
in comparison to the siNC group, there were significantly
fewer apoptotic cells (Fig. 8F and G). Conversely, the
BPL-NPs group exhibited a decrease in apoptotic cells, as
evidenced by Fig. 8F and G. This reduction was similar to
the effects observed in the siIL-6R groups. These results
suggest that BPL-NDPs specifically targeted the IL-6/IL-6R
axis to induce apoptosis in NCM460 cells stimulated by
M1 M¢s.

BPL-NPs targeted the IL-6/IL-6R axis to suppress the
downstream signaling pathway

To gain a deeper understanding of how BPL-NPs specifi-
cally target the IL-6/IL-6R axis at a molecular level, the
downstream signaling expression of the IL-6/IL-6R axis
was evaluated in the current study. BPL-NPs effectively
suppressed the Jak/Stat signaling pathway, the Nf-xb
pathway (Fig. 6), and the I1-6/Stat3 signaling pathway
(Fig. 7) in UC mice, as confirmed by the previous find-
ings. Consequently, the JAK/STAT3 and NF-«kB path-
way were verified, following the inhibition of the IL-6/
IL-6R axis. As shown in Fig. 9A and S6, the presence of
BPL-NPs significantly reduced the expression of IL-6R
in NCM-460 cells when co-cultivated with M1 Mg¢gs.
Consistently, the protein expression of IL-6 and IL-6R
was also significantly down-regulated by the BPL-NPs
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(Fig. 9B). Thus, after validating that the IL-6/IL-6R axis
was being targeted for inhibition, the downstream sig-
nals of the axis, such as JAK/STAT3 and NF-kB were
evaluated. As presented in Fig. 9C, the phosphorylation
level of p-JAK1 and p-STAT3 was significantly down-
regulated by BPL-NPs. Furthermore, the mRNA (Fig. 9D)
and protein expression (Fig. 9E) of NF-kB were mark-
edly down-regulated by BPL-NPs. As observed, follow-
ing the inhibition of IL-6/IL-6R axis-related signals, the
intervention of BPL-NPs primarily resulted in a decrease
in the marker of activated apoptosis, Caspase-3 (Fig. 9F,
Fig. S7). Correspondingly, these results demonstrate that
BPL-NPs specifically targeted and inhibited the IL-6/
IL-6R axis and its downstream signals.

Discussion

The development of safe and safe drug delivery systems
targeting the affected tissue area is an urgent need for the
effective treatment of UC. The retention enema has been
shown to result in higher levels of drug in target tissues
while minimizing systemic side effects in the treatment
of UC [30]. Compared to the systemic administration
of therapeutics through intravenous injection, targeted
drugs delivered via retention enema enable direct drug
enrichment to the colitis tissues. This reduces the occur-
rence of systemic adverse drug reactions, while concomi-
tantly increasing the concentration of drugs in the target
tissue. In spite of this, local-acting medications often
suffer from poor intrarectal retention time when admin-
istered with enemas, resulting in urgent defecation,
which reduces their therapeutic effectiveness. It is also
uncomfortable to have to administer enemas repeatedly
to achieve the necessary therapeutic dosage [31]. Thus,
delivery systems rapidly absorbed by the inflamed colonic
tissue following intrarectal infusion in patients with UC
and offer longer residence time are urgently needed. In
the present study, BBR-encapsulated PLGA NPs (BPL-
NPs) were fabricated using emulsion solvent-driven
self-assembly. Specific molecular weight of PLGA was
selected for the purpose of conducting our experiment.
Dichloromethane was employed as a solvent due to its
low water solubility, low boiling point, and high solubility
in organic compounds. Finally, various doses of berberine
were combined with PLGA to formulate nanoparticles.
The optimal ratio of berberine to PLGA was determined
by assessing the particle size and dispersion index of
the resultant nanoparticles. By meticulously control-
ling these parameters, uniform nanoparticles were pro-
duced, thereby enhancing their therapeutic efficacy. To
mitigate the impact of residual dichloromethane on the
release behavior of nanoparticles, we initially optimized
the quantity of dichloromethane utilized during the
preparation process. Subsequently, dichloromethane was
removed using a rotary evaporator, followed by dialysis
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in deionized water and freeze-drying. These measures
collectively ensure a significant reduction in the adverse
effects of residual dichloromethane on the release behav-
ior of nanoparticles, thereby enhancing their efficacy
and safety in practical applications. The findings dem-
onstrated that the BPL-NPs were rapidly absorbed by
the cell membrane/cytoplasm of IECs and could prolong
the residence time of BBR in the inflamed colonic tissue.
Furthermore, using an enemic mode of administration
theoretically increased the accumulated concentration of
BPL-NPs in the inflamed colon, while offering no appar-
ent toxicity to the vital organs.

The significant pathological changes associated with
UC are typically characterized by an immune-mediated
inflammatory disorder of the colon and rectum, result-
ing in mucosal damage and apoptosis of IECs. In par-
ticular, the pathogenesis of UC is characterized by a
complex inflammatory environment consisting of innate
and adaptive immune cells that infiltrate the lamina pro-
pria. M¢s, which comprise a subset of leukocytes and an
essential part of the innate immune system, are essential
to maintaining intestinal homeostasis. Accordingly, the
classical (M1-like phenotype) and alternative (M2-like
phenotype) activation of M¢s have been extensively stud-
ied and understood. In the context of UC, an increas-
ing amount of evidence has identified that M1-like M¢s
exacerbate UC via the disorderly release of a wide range
of proinflammatory cytokines, including IL-6, IL-1f, and
tumor necrosis factor-alpha (TNF-«). The pro-inflam-
matory cytokines facilitate the transmission of messages
within cells by interacting with intracellular proteins,
such as Janus kinases (JAK), which further potentiate
the activation and proliferation of lymphocytes in the
affected intestinal region [32]. Previous studies have also
confirmed that M1-like M¢s in UC patients were signifi-
cantly concentrated in the inflamed region of the colon
[33]. In addition, the increased presence of M1 M¢s in
the immune system, along with elevated levels of pro-
inflammatory cytokines in the mucous membranes of
the colon and rectum, further aggravate the inflamma-
tion of the intestinal lining and apoptosis of IECs [34].
In this study patients with UC had a higher presence of
M1 M¢s in their intestinal mucosa. This suggests that
targeting these M¢s could serve as a potential therapeu-
tic approach for effectively managing UC. In this con-
text, previous studies [11, 35, 36] have demonstrated that
inhibiting M1 M¢s and their cytokines in UC mice effec-
tively contributed to the treatment of UC. In addition,
the use of PLGA-based NPs that were capable of specifi-
cally targeting M1 M¢s in UC significantly improved the
therapeutic efficacy [37, 38]. Furthermore, BPL-NPs not
only improved the water solubility of BBR in this study
but also inhibited the infiltration of M1 M¢s infiltration,
leading to improved therapeutic outcomes in UC. These
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findings, therefore, suggest that BPL-NPs can serve as a
novel therapeutic approach for UC with high targeting
efficacy and minimal systemic toxicity.

Very few novel studies suggest that targeting M1 M¢s
or their pro-inflammatory cytokines/pathways can
effectively ameliorate UC. Interleukin-6 (IL-6) is a pro-
inflammatory cytokine that M1 M¢s secrete. The bio-
logical effects of IL6 are mediated through two primary
mechanisms: classic signaling, which occurs when IL6
binds to its membrane-bound IL6 receptor (IL-6R«a), and
trans-signaling, which arises when IL6 binds to a soluble
form of IL6R (s-IL6R) and then to the membrane-bound
transducer glycoprotein 130 (gp130) [39]. Classic signal-
ing via membrane receptor (IL-6Ra) has been identified
to contribute to developing inflammatory bowel diseases
(IBD). Accordingly, pharmacological inhibitors of IL-6
signaling were developed to prevent IL-6 from binding to
IL-6R by targeting either IL-6 or the receptors. Previous
studies have demonstrated that the complete inhibition
of IL-6 activity, achieved by blocking the receptor or the
cytokine using monoclonal antibodies, could be a poten-
tial option for targeted biological therapy in IBD [40]. In
this context, tocilizumab, an anti-IL-6R monoclonal anti-
body first used in 2004 in a phase I clinical trial, has been
recognized as a promising therapeutic option in man-
aging IBD in numerous studies [41, 42]. Nevertheless, a
study conducted by Atreya et al., [43] demonstrated that
the administration of tocilizumab resulted in increased
mucosal ulcers and inflammation in patients with UC.
The failure of tocilizumab is likely caused by the addi-
tional impairment of epithelial barrier integrity, which
subsequently leads to the activation of mucosal immune
cells resulting in the production of pro-inflammatory
cytokines(such as TNF, IFN-y, or IL-21) and progres-
sive ulcer formation [44]. Given that IL-6 signaling plays
a role in both the progression of IBD and the repair of
the mucosal lining, optimizing therapeutic inhibitors that
target the IL-6/IL-6R signaling pathway during the stages
of inflammation where IL-6 production is dysregulated
offers significant promise [45]. In addition, the selective
induction of IL-6 during the stage of mucosal healing
could be a useful approach to treating IBD [45]. In the
present study, the IL-6 signaling pathway was observed
to be over-activated, leading to increased immune infil-
tration of M1 M¢s in UC. Accordingly, the classic signal-
ing pathway mediated by the membrane receptor IL-6Rq,
rather than the trans-signaling pathway involving s-IL6R,
was predominantly activated by IL-6 derived from the
M1 Mg¢s. Furthermore, BPL-NPs were found to specifi-
cally target the IL-6/IL-6R axis both in vitro and in vivo,
without impairing the integrity of the epithelial barrier or
worsening inflammation or apoptosis. Consequently, the
therapeutic effect of BPL-NPs is ascribed to the inhibi-
tion of the IL-6/IL-6R axis.
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There is no denying that this current study has some
limitations. Firstly, there is a gap between DSS-induced
UC model and human UC due to differences in species,
genome, living environment, psychology and food intake.
The incidence of UC is the result of the long-term effects
of social and individual, physiological and psychological
factors. DSS-induced UC model only simulates the clini-
cal manifestations of UC, but cannot completely present
the whole process of UC disease. Secondly, this study paid
more attention to the short-term efficacy of BPL-NPs
and did not evaluate long-term efficacy and safety, which
resulted in it only being applied as preclinical research.
The treatment effects and safety of BPL-NPs need to be
further validated in human clinical trials. Finally, the
internal feedback mechanisms between biological sig-
naling pathways and molecules are quite complex, which
contributes to the off-target effects of BPL-NPs.

In conclusion, an anti-inflammatory nano-delivery
system based on BBR and PLGA-based NPs was devel-
oped in this current study to enhance their bioactiv-
ity and water solubility for use in the treatment of UC.
Compared to free BBR, the improved therapeutic effects
of BPL-NPs were accompanied by reduced particle size,
increased capsulation efficiency, water solubility, and
bioactivity. The in vitro and in vivo selective targeting of
the IL-6/IL-6R axis was confirmed as the mechanism by
which BPL-NPs induced the therapeutic effects in UC. In
addition, the potential modality of BPL-NPs in treating
UC or another immune inflammatory disease (such as
Crohn’s disease) could involve enema administration to
bypass first-pass elimination effects, leading to increased
local concentration. Oral administration should also be
explored.
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