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ARTICLE INFO ABSTRACT

Keywords: Primary biliary cholangitis (PBC) is the most common life-long autoimmune liver disease arising from a biliary
Autoimmune liver disease epithelial activation to a complex evolving cascade of immune-mediated injury, leading to inflammation and
Corticosteroids

fibrosis and ultimately cirrhosis and liver failure. Ursodeoxycholic acid (UDCA) remains the only first-line
treatment, despite being ineffective in approximately 40% of patients. Inadequate response to UDCA has been
associated with increased death risk or need for liver transplantation. Starting from these premises, novel or
repurposed drugs are currently needed. Immunosuppressive therapies, such as corticosteroids, remain contro-
versial, primarily due to safety concerns related to off-target effects and limited evidence of enhanced efficacy.

Nanoparticles are known to accumulate in the liver. Among them, Avidin-Nucleic-Acids-Nano-ASsemblies
(ANANAS) have emerged as promising drug carriers thanks to their multi-functionality and convenient
tunability, biodegradability, biocompatibility and scalable manufacturing.

Despite the availability of numerous PBC models, none replicate key features of human disease to the degree
observed in ARE Del-/- mice. Focusing on this model, ANANAS loaded with acid-releasable dexamethasone
(ANANAS-Hz-Dex-M) were parenterally administered to evaluate distribution, pharmacokinetics, and thera-
peutic efficacy.

The single treatment demonstrated selective liver tropism with an exclusive steroid release, and interaction
with resident macrophages. Multiple administrations significantly reduced hepatic fibrosis. In vitro, isolated
Kupffer cells from ARE Del-/- internalize the nanoassembly, with a reduction of the inflammatory profile.

Our findings delineate ANANAS-Hz-Dex-M as a tool with the potential to guide resident macrophage plasticity
and ameliorate disease course.

Nanoparticles
Hepatic macrophages
Targeted drug release
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1. Introduction

Primary biliary cholangitis (PBC) is a chronic autoimmune liver
disease characterized by the progressive destruction of small intra-
hepatic bile ducts, leading to chronic cholestasis, fibrosis, and cirrhosis.
It is diagnosed by the presence of chronic cholestasis and anti-
mitochondrial or anti-nuclear antibodies; in patients undergoing liver
biopsy, granulomatous lymphocytic cholangitis can be evident [1,2].
Ursodeoxycholic acid (UDCA) is the standard treatment [3], but it is
ineffective in up to 40% of patients, who require additional treatment
[4-8].

In addition PBC can overlap with another autoimmune liver disease,
i.e. autoimmune hepatitis (AIH) approximately in 10% of patients with
either ATH or PBC [9,10], and approximately 30% of patients with PBC
have at least one extrahepatic autoimmune (EHA) conditions condition
[11]. These conditions require immune response suppression, and both
corticosteroids and immunosuppressants are prescribed for this purpose.
Several clinical studies investigating the combination of UDCA with
corticosteroids for PBC treatment have been published [6,12,13]. These
studies indicate a moderate to marked improvement in some biochem-
ical markers of liver function in patients treated with combination
therapy, even if long-term corticosteroid side effects are evident.

Nanotechnology offers a promising solution by enhancing drug
bioavailability, and targeting specificity, thereby reducing systemic side
effects [14]. Nanoparticles (NPs) can improve drug delivery by accu-
mulating and persisting in the liver after systemic administration,
interacting primarily with non-parenchymal hepatic cells such as
Kupffer cells (KCs) and liver sinusoidal endothelial cells (LSECs)
[15-17].

Among the various nanocarriers, polyavidin-based Avidin-Nucleic-
Acids-Nano-ASsemblies (ANANAS) have shown potential as a multi-
functional, biodegradable, and biocompatible drug delivery system
[18]. Our previous studies demonstrated the effectiveness of ANANAS in
delivering the therapeutic compounds to the liver in a murine model of
AlIH, and also the localization of the particles in the KCs [19]. This
localization, in particular for ANANAS loaded with dexamethasone
(ANANAS-Hz-Dex), could be important in the regulation of KC function
which, in turn, could affect the pathogenetic processes in PBC. The
importance of KCs has been recently demonstrated by various studies
[20], including a single cell study, which demonstrated that an
enhanced proinflammatory roles of these cells may increase the local
inflammatory response in the liver [21].

The present study evaluated the therapeutic potential of the
ANANAS-Hz-Dex formulation in a recently developed murine model of
PBC, the ARE-Del-/- mouse, which exhibits key aspects of human PBC,
including female predominance, autoimmune cholangitis, portal
inflammation, and hepatic granulomas [22,23].

Our approach involved a detailed characterization of the ARE-Del-/-
model, and an evaluation of the new generation ANANAS-Hz-Dex-M in
two lines of treatment: a single administration to assess carrier bio-
distribution and steroid pharmacokinetics, and a multiple one to eval-
uate therapeutic effects on hepatic inflammation and fibrosis.

2. Materials and methods
2.1. Preparation of ANANAS-Hz-Dex-M

The ANANAS-Hz-Dex-M formulation was obtained as described by
Morelli et al. [24]. Briefly, empty (core) ANANAS, previously obtained
in freeze-dried form [18,25], were dissolved in phosphate buffer con-
taining stoichiometrically controlled amounts of the desired long-
(5kDa poly(ethylene glycol-PEG) - and short-spaced biotin-Hz-Dex
conjugates. The long-spaced derivative was added to cover 25% of the
total biotin binding sites (BBS); the short-spaced one was added to cover
40% of the BBS. Preformulation studies [24] had shown that at these
biotin:BBS ratios, both biotin conjugates are fully retained by the NPs so
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that no purification is necessary after reconstitution. In these assemblies
[19,24,26], dexamethasone is reversibly tethered via a hydrazine bond
that is stable at neutral pH but hydrolysed in acidic pH. The mixtures
were allowed to stand for at least 1 h prior to use and were administered
within one day after preparation.

Fluorescently labeled ANANAS-Hz-Dex-M (F-ANANAS-Hz-Dex-M)
for the single treatment were obtained by adding biotin-C6-Alex633 to
the assembly mixture to cover 5% of the total BBS, at the detriment of
the short-spaced biotin-Dex conjugate.

Drug-free ANANAS were obtained following the same protocol by
resuspending core NPs with a titrated 5 kDa «, biotin, ®-methoxy-poly
(ethylene glycol) (Laysan Bio, Huntsville, AL- USA), which was added at
a total 25% BBS coverage.

2.2. Animals

The Institute for Pharmacological Research Mario Negri IRCCS ad-
heres to the principles governing the care and use of laboratory animals
established by: Italian Law (D.lgs 26,/2014; authorisation no. 19/2008-A
issued March 6, 2008 by Ministry of Health); Mario Negri Institutional
Regulations and Policies (Quality Management System Certificate-UNI
EN ISO 9001:2015-Reg. no. 6121); the NIH Guide for the Care and
Use of Laboratory Animals and EU directives and guidelines (EEC
Council Directive 2010/63/UE). In the present work, we used a trans-
genic mouse model, the ARE-Del-/-, which was kindly provided by
Professor Young H.A. (NIH, Bethesda) characterized by chronic
expression of the IFN-y gene that mimics some key aspects of human
PBC. The animal studies were approved by the Mario Negri Institute
Animal Care and Use Committee (IACUC) and by the Italian National
Institute of Health (code no. 58/2020-PR). The animals were kept under
specific pathogen-free conditions in the Institute’s animal care facilities
in rooms with a constant temperature of 21 +1°C, humidity of
55+ 10%, a 12-h light-dark cycle, and ad libitum access to food and
water. The animal diet is composed of wheat, extruded soybeans, barley,
wheat bran, soybean meal produced from genetically modified soy-
beans, calcium carbonate, dicalcium phosphate, sodium chloride, vita-
mins and minerals. For animal welfare, bedding and environmental
enrichment, such as a “mouse house”, are available. The mice were
regularly checked by a veterinarian responsible for monitoring animal
welfare. In our animal cohort, the ARE-Del-/- mutation was associated
with a higher female mortality; indeed, we assessed 33% mortality from
weaning to 20 weeks of age before treatment initiation, whereas it was
to 2% in males.

2.3. In vivo treatments

Characterization study: Wild-type (WT) and ARE-Del-/- (HO) sibling
littermate mice, both males and females, were monitored for body
weight without any treatment. At 20 and 24 weeks of age, mice were
anaesthetized, blood was collected via retroorbital bleeding, and serum
was analysed. After sacrifice, the livers were collected, fixed in 10%
neutral buffered formalin (Bio-Optica, Italy) for 24 h, and embedded in
paraffin for immunohistochemistry or frozen for immunofluorescence or
molecular analyses.

Single-dose treatment study: thirty-five WT mice at 20 weeks of age
were enrolled and intraperitoneally (i.p.) injected with free dexameth-
asone (Dex) (0.167 mg/kg; n=16) or F~-ANANAS-Hz-Dex-M (11.4 mg/
kg of NPs loaded with 0.167 mg/kg of Dex; n = 16). The remaining three
mice were treated with PBS and used as controls. In parallel, 32 HO mice
at 20 weeks of age were i.p. injected with free Dex (0.167 mg/kg;
(n=16) or F-ANANAS-Hz-Dex-M (11.4mg/kg of NPs loaded with
0.167 mg/kg of Dex; n = 16). Both WT and HO mice were euthanized at
30 min, 4, 24, and 48 h after treatment (n = 4 for each time point). The
plasma, liver, lung, kidney, spleen and brain were collected for ex vivo
imaging and frozen for biodistribution and pharmacokinetics.

Multiple-dose treatment study: fourteen HO male mice at 20 weeks of
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age were included in the study. They were randomly assigned to free Dex
(0.167 mg/kg; n=6), ANANAS (10.54 mg/kg; n=4) or ANANAS-Hz-
Dex-M treatment (10.54 mg/kg of NPs loaded with 0.167 mg/kg of
Dex; n=4). Their body weight was assessed over time. The animals
received nine serial i.p. injections (3 per week for 3 weeks). At sacrifice,
the mice were anesthetised, blood was collected and serum was ana-
lysed. Livers were fixed in 10% neutral buffered formalin for 24 h and
embedded in paraffin for immunohistochemistry or frozen for immu-
nofluorescence, molecular analyses, or ELISA on tissue homogenates.

2.4. Ex vivo fluorescence imaging

Ex vivo optical imaging was performed on excised organs (liver, lung,
spleen, kidneys, and brain for WT mice, and exclusively liver for HO
mice) at 30 min, 4, 24 and 48 h after treatment, using the IVIS Lumina III
imaging system (PerkinElmer). The following parameters were used:
excitation filter range 680-740 nm, emission filter (790 nm, exposure
time 2's), binning factor 4, and f/Stop 2. Image processing and analysis
were performed using Living Image 4.3.1 software.

2.5. Anti-mitochondrial antibodies (AMA) detection

AMA levels were measured using a commercial ELISA kit (code
MBS7207392; MyBioSource, USA) in samples (n =3 per experimental
group) obtained from the multiple-dose treatment study. Undiluted liver
homogenates were analyzed according to the manufacturer's in-
structions. Optical density (OD) was measured at 450 nm using a Tecan
Infinite 200 Pro microplate reader (Mannedorf, Switzerland). All sam-
ples were assayed in duplicate. AMA concentrations were determined
from the standard curve and expressed as ng/mL.

2.6. Serum biochemical analysis

Alkaline phosphatase (ALP, U/L) and total bile acids (TBA, pmol/L)
were measured in 100 uL serum samples using the liver rotor through
the Element Rc analyser (Antech Diagnostics Italy S.r.1., Treviglio, Italy).

2.7. Immunohistochemistry

Liver sections (4 pm) were cut with Leica RM55 microtome (Leica
Microsystems, Italy). Slices were deparaffinised in xylene and rehy-
drated through a series of alcohols in water. Hematoxylin and eosin (HE)
staining was performed as previously described [27]. IBA—1 staining
(1:500, Wako Chemicals, USA) was performed to provide an overview of
macrophage infiltration. Antigen retrieval was performed with citrate
buffer (pH 6) for 30 min at 95°C, endogenous peroxidase activity was
inhibited with 3% H205 for 10 min at RT, and incubation with blocking
solution (PBS-NGS 10%-Tween20 0.05%) was carried out for 30 min at
RT. Sections were assayed using Vectastain Elite ABC (Vector Labora-
tories, Burlingame, CA, USA) and stained with 3,3-Diaminobenzidine
(DAB, Sigma-Aldrich). To assess fibrosis, the collagen fibres were
stained with Picro-Sirius Red solution (Bio-Optica, Italy) for 1h and
washed with acidified water. The slides were observed via Virtual Slide
Microscopy (Olympus, Japan); the percentages of the area occupied by
cellular infiltrated (HE) and by macrophages (IBA—1) were determined
using ImageJ software. The slides were also processed through QuPath
software to obtain five 3000 x 3000 px fields per mouse and ImageJ
software was used to measure the average size (um?) and the Feret
diameter (um) of the IBA—1 positive macrophages.

2.8. Segmentation and quantification of collagen in Sirius Red WSIs

Whole-slide images (WSIs) were converted from the proprietary VSI
Olympus file format to an RGB pyramidal OME-TIFF image with QuPath
software [28]. Their following processing was handled through custom
MATLAB scripts employing the Blocked Processing Toolbox, which

Biomedicine & Pharmacotherapy 202 (2026) 119770

enhances operations on tiled and pyramidal images. Sirius Red stained
WSIs were analysed as previously described [29]. In brief, RGB data
were converted into optical density (OD) space and collagen was
segmented by using stain vector deconvolution and Otsu’s thresholding
on the Sirius Red stain channel. Quantitative features such as the
“Collagen Area”, which describes the fraction of collagen pixels (Sirius
Red positive) over the total number of pixels representing the tissue
section, and the “Entropy of Collagen”, a textural parameter encoding
randomness of values in 32 x 32 pixel ROIs were extracted. The
contribution of Glisson’s collagen capsule was removed from all the
quantifications.

2.9. Immunofluorescence

To detect macrophages, immunofluorescence analysis for CD68
antibody was performed on liver sections from the single-dose treat-
ment. Tissue slides (10 pm thick) were cut by cryostat, fixed in 10%
neutral buffered formalin for 20 min, washed with phosphate-buffered
saline (PBS), and incubated for 1 h with a blocking solution (PBS-NGS
10% - TritonX—100 0.1%). Anti-CD68 (1:200, Bio-Rad Laboratories,
USA) + TritonX—100 0.1% + NGS 3% in PBS O/N at 4°C was used. After
washing, sections were incubated with the secondary alexa488-
conjugated antibody (1:500, Invitrogen Thermo Fisher Scientific, USA)
for 1h at RT in a 1% PBS-NGS solution. Nuclei were stained with
Hoechst—33258 (2 pg/mL, for 10 min). Specific lasers Aexc 405nm,
488 nm, and 640 nm, were used to visualize the signals related to
Hoechst—33258 (nuclei), Alexa488 (CD68) and Alexa633 (ANANAS),
respectively. Samples were acquired using Nikon Al confocal
microscope.

To evaluate NF-kB localization in macrophages, immunofluores-
cence analysis was performed on liver sections obtained from the
multiple-dose treatment study. Tissue sections (14 pm thick) were cut by
cryostat, post-fixed in 10% neutral buffered formalin for 20 min, washed
with PBS, and incubated for 1 h with a blocking solution (PBS-NGS 5% -
TritonX—100 0.3%). Macrophages were identified using an anti-CD68
antibody, as described above. The primary antibody against NF-kB
p65 (1:200, Cell Signaling Technology, USA) was diluted in
TritonX—100 0.3% + NGS 3% in PBS and incubated O/N at 4°C. After
washing, sections were incubated for 1h at RT in PBS + TritonX—100
0.3% -+ NGS 3% with Alexa Fluor 488-conjugated and Alexa Fluor 546-
conjugated secondary antibodies (both 1:500, Invitrogen Thermo Fisher
Scientific, USA) for the detection of CD68 and NF-kB, respectively.
Nuclei were stained with Hoechst—33258 (2 pg/mL, for 10 min). Spe-
cific lasers at Aexe 405, 488, and 640 nm, were used to visualize the
signals related to Hoechst—33258 (nuclei), Alexa488 (CD68) and
Alexa546 (NF-kB), respectively. Samples were acquired using Olympus
IX71 fluorescence microscope and four fields per experimental group
were captured using a 40 x objective. Image analysis was performed
using an originally-developed macro on ImageJ software. Briefly, CD68-
positive cells were identified and their nuclei segmented with the Mo-
ments method. The resulting binary image was used to generate a mask,
which was subsequently applied to the NF-kB channel to quantify
fluorescence intensity. NF-kB nuclear presence was expressed as the sum
of nuclear NF-kB-positive pixels (raw integrated density).

2.10. Pharmacokinetics

The internal standard fludrocortisone (10 ng) was added to samples
from treated mice, and Dex (0-300 ng) and fludrocortisone (10 ng) were
included in the calibration curve. Liver and kidney pieces were digested
with methanol (1:2w/v) and acetonitrile (1:1 w/v), stirred and soni-
cated for 20 min. Water (1:10 w/v) was then added, and the stirring and
sonication steps were repeated; the samples were subsequently centri-
fuged at 7000 x g for 15 min at 4°C. The supernatant was cleaned up via
solid-phase extraction using Sep-Pak C18 1 cc Vac Cartridges (Waters,
Milford, MA, USA), which were preconditioned with methanol, followed
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by water. The samples were loaded onto SPE columns; the cartridges
were rinsed with water: acetone (80:20) and then with water before
being dried under vacuum for 5min. The samples were eluted with
acetonitrile. The plasma aliquots were eluted with acetonitrile (1:4 v/v)
and centrifuged at 7000 x g for 15 min at 4°C. All samples were evapo-
rated and suspended in 100 pL of 0.05% acetic acid: acetonitrile (80:20).

High-performance liquid chromatography (HPLC) and tandem mass
spectrometry (MS/MS) were performed. The LC-MS/MS system was a
Nexera ultrahigh-pressure liquid chromatography (UHPLC) system
interfaced with a triple quadrupole LCMS—8060 (Shimadzu, Japan).
The mass spectrometer (MS) was operated in negative electrospray
ionization (ESI) mode, following the experimental conditions already
reported [26].

2.11. Gene expression analysis

RNA was extracted from the livers of chronically treated ARE-
Del-/- mice using the Quick RNA Kit (Zymo Research, Irvine, CA).
RNA quality and quantification were performed using a NanoDrop
1000 spectrophotometer (Applied Biosystems, Thermo Fisher Scien-
tific, Waltham, MA, USA). cDNAs were synthesized from RNA sam-
ples using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems™, Thermo Fisher Scientific, Waltham, MA,
USA). Quantitative PCR (qPCR) was performed using TB Green Pre-
mix Ex-Taq (Takara, Diatek Lab Line, Jesi, Italy) on Quant Studio 7
Flex (Applied Biosystems™, Thermo Fisher Scientific, Waltham, MA,
USA), and CXR (ROX) was selected as a passive reference dye. The
employed primers are described in the Table S1, Supplementary
Material. The HPRT housekeeping gene was used for data normali-
zation and the 2-AACt method was used for relative expression using
an external calibrator.

2.12. Invitro treatment

KCs were isolated from the livers of WT and HO mice at 24 weeks of
age [27,30]. After euthanasia, the livers were perfused in situ with
sterile PBS and then enzymatically digested in RPMI medium containing
collagenase IV (200 U/mL; Sigma-Aldrich) and DNase I (100 U/mL;
Sigma-Aldrich) for 30 min at 37°C. Following digestion, the tissue was
mechanically homogenized and filtered to generate a single-cell sus-
pension. Hepatocytes were separated from non-parenchymal cells
(NPCs) via low-speed centrifugation at 400 rpm for 6 min. To isolate
KCs, the NPC fraction was plated on 6-well plates at a density of 1,
5 x 107 cells/well in Dulbecco’s modified eagle medium (DMEM) with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. After 2h
of incubation at 37°C, non-adherent cells were removed. Adherent KCs
were treated with either vehicle (control), Dex (3.17 pg/mL), ANANAS
(200 pg/mL), or ANANAS-Hz-Dex in complete DMEM containing 50
ng/mL M-CSF for 24 h. The cells were then harvested for gene expression
analysis. Real-time qPCR analysis was performed using Fast SYBR™
Green Master Mix (Applied Biosystems), with a QuantStudio™ 5
Real-Time PCR System (Applied Biosystems). The HPRT1 gene was used
for the normalization using the ACt method. The data are expressed as
Logo of Fold changes.

2.13. Statistics

Statistical analyses were performed using GraphPad Prism Software
11.0.2 (San Diego, CA, USA). Grubb's test was used to assess the
presence of outliers within each group. One-way ANOVA followed by
uncorrected Fisher’s LSD or by Tukey post-hoc tests was used to
compare the groups of interest during in vivo or ex vivo experiments.
For in vitro test, two-way ANOVA followed by Tukey post-hoc test was
selected.
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3. Results
3.1. Increased inflammation and fibrosis in ARE-Del-/- mouse model

Compared with wild-type (WT) controls, ARE-Del-/- (HO) mice
presented significantly lower body weights, with a more pronounced
effect in females (Fig. 1A). Conversely, the spleen weight was higher in
HO mice compared to WT mice, which could indicate increased immune
function and congestion (Fig. 1B) [31,32]. Elevated levels of serum
alkaline phosphatase (ALP) and total bile acids (TBA) in HO mice
confirmed the presence of cholestasis (Fig. 1C-D), supporting the reli-
ability of this murine model of PBC [33]. The increase in TBA (typically
found in patients with obstructive jaundice or cholestasis) observed by
Bae H.R. at 8 and 20 weeks of age [23] was also validated by our study at
24 weeks of age.

Histopathological examination of liver sections from ARE-Del-/-
mice (HO) revealed significantly greater cellular infiltration and
fibrosis compared to WT controls (Figs. 2 and 3). HE staining revealed
perivascular inflammatory foci, particularly in females and older mice,
whereas WT mice showed no inflammation or damage (Fig. 2A-C).
IBA—1 staining, a marker of activated macrophages indicated an in-
crease in macrophage infiltration and an alteration in their morphology,
larger and more elongated, in HO mice (Fig. 2B-D).

Sirius Red staining highlighted extensive fibrosis with evident
collagen deposition in both perivascular and perisinusoidal regions
(Fig. 3A-B) in HO mice, compared to controls. Quantitative analyses
confirmed a significant increase in the collagen content in HO mice
compared to controls, and a trend toward a progressive increase in the
collagen area in HO mice over time. In addition, we detected a decrease
in entropy in HO mice from 20 to 24 weeks of age, indicating the
presence of more organized fibrosis (Fig. 3C-D) [34,35].

Gene expression analysis further characterized the PBC model
(Fig. 4). Compared with WT control mice, HO mice exhibited significant
upregulation of inflammatory cytokines (IFN-y, IL-1p, TNF-a, and CCL2)
and these variations were age- and sex-dependent (Fig. 4A). Although
TGF-p induction was not statistically significant in all experimental
groups, it was higher in HO animals compared to WT, supporting its role
in triggering fibrosis. The fibrotic process was confirmed by the upre-
gulation of fibrotic markers (a-SMA, COL1a1, COL1a2, COL3a1, MMP2,
MMP9, and TIMP1) in HO mice (Fig. 4B). The a-SMA gene, a marker of
activated stellate cells, was significantly upregulated exclusively in HO
male mice at 24 weeks, with no significant changes in HO female mice.
Collagen genes (COL1al, COL1a2 and COL3al) were also elevated in
HO mice compared with WT mice, with a peculiar trend of each type
depending on mouse age and sex. In particular, the level of collagen 1a1,
a major component of extracellular matrix proteins [36], was increased
in HO female mice at 24 weeks, whereas the level of collagen 3a1, which
is involved in scar formation [37], was significantly higher in HO male
mice at 24 weeks. Furthermore, a significant increase in the mRNA
levels of MMP9 and TIMP1, which are involved in matrix remodeling,
was detected in HO animals.

3.2. Single ANANAS-Hz-Dex-M treatment exhibits hepatic tropism and
selective drug release

The biodistribution and pharmacokinetics of ANANAS-Hz-Dex-M,
fluorescently labeled with Alexa633 dye, were investigated in WT and
HO mice to evaluate changes in the liver undergoing inflammation and
fibrosis (Fig. 5). Ex vivo optical imaging of WT mice showed that i.p.
injected F~rANANAS-Hz-Dex-M exhibited hepatic tropism (Fig. 5A) with
minimal signals in off-target organs (Figure S1, SI). Specifically, at the
first two time points (30 min and 4 h), the signal associated with
ANANAS was detectable in all selected organs (liver, lungs, kidneys, and
spleen) except the brain, likely due to blood circulation. However, one
day after treatment, the fluorescence pattern showed almost exclusive
tropism toward the liver.
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Fig. 1. ARE-Del-/- mouse model general characterization. A) body weight, B) spleen weight, C) serum alkaline phosphatase (ALP) and D) serum total bile acids (TBA)
levels were reported. Male (M) and female (F) healthy (WT) and ARE-Del-/- (HO) mice at 20 and 24 weeks of age were included in the study. Data are presented as a

scatter plot, reporting mean + /- SD. Statistical analysis is performed by One-way ANOVA, followed by Fisher’s LSD test. *p < 0.1,

*Hxp < 0,001, **¥¥+p < 0.0001.

The ability of F-ANANAS-Hz-Dex-M to localize in the liver was also
confirmed in HO mice, even if significant differences with WT mice were
observed in terms of the kinetics and accumulation rate of the NPs. In
HO mice, the NPs penetrated the liver more slowly, reaching the
maximum concentration at 4 h and remaining constant until 24 h.
Notably, the number of NPs in the liver was higher compared to WT mice
as detected by ANANAS fluorescence measurements (Fig. 5A). This
latter result can be explained by macrophage hypertrophy in HO mice,
resulting in a higher surface area available for ANANAS phagocytosis
(Fig. 2B-D).

Immunofluorescence analysis of liver tissues using an anti-CD68
antibody confirmed the efficient interaction and colocalization of F-
ANANAS-Hz-Dex-M with hepatic macrophages in both WT and HO
conditions (Fig. 5B). Four hours after treatment, F~-ANANAS-Hz-Dex-M
(red signal) efficiently colocalized (yellow spots) with the macrophages
(green signal). Our data align with results in the literature that attribute
KCs as the main cells involved in hepatic uptake [15].

Pharmacokinetic studies (Fig. 5C) in livers from WT mice (blue lines)
showed higher levels of Dex released from F-ANANAS-Hz-Dex-M than
from the free drug alone 4 h after administration, and this release per-
sisted over time (up to 48 h). Selective drug release from NPs in the liver
was also maintained in HO mice (red lines), with Dex levels remaining
relatively constant between 4 and 24 h. Consistent with the previous F-

**p < 0.01,

ANANAS-Hz-Dex formulations, no dexamethasone was released from
the NPs in plasma or off-target organs [19,26].

Gene expression analyses were performed on liver samples from HO
mice, with a focus on acute-phase cytokine genes (Figure S2, SI).
Collectively, these data show that free Dex more quickly reduces the
mRNA levels of these cytokines (mainly at 4 h), whereas F~-ANANAS-Hz-
Dex-M was effective at longer time points.

3.3. Multiple ANANAS-Hz-Dex-M treatment reduces fibrosis mitigating
disease course

Chronic treatment was conducted using multiple intraperitoneal (i.
p.) administrations of free Dex, drug-free ANANAS, and ANANAS-Hz-
Dex-M over three weeks (3 injections/week) (Fig. 6). The aim of this
study was to evaluate the long-term therapeutic effects of ANANAS-Hz-
Dex-M on hepatic inflammation and fibrosis in ARE-Del-/- (HO) male
mice.

Asillustrated in Fig. 6A, chronic treatment did not induce significant
changes in body weight across the different groups at any time points.
AMA measurements performed on liver homogenates revealed a sig-
nificant reduction in antibody levels in HO mice treated with ANANAS-
Hz-Dex-M compared with untreated HO mice. Furthermore, a significant
decrease in serum ALP levels was observed in the empty ANANAS-
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Fig. 2. Liver infiltration assessment. A) HE and B) IBA—1 staining were performed in the livers of males (M) and females (F) ARE-Del WT and HO mice at 20 and 24
weeks of age. Scale bars = 50 pm. Quantification of the area occupied by C) cellular infiltrates and D) macrophages in the whole liver sections was reported. Graph
bars show mean + /- SEM (n = 5 for each experimental groups); one-way ANOVA followed by Fisher’s LSD test was carried out. Outliers were excluded based on

Grubbs' test. *p < 0,05; **p < 0,01; ***p < 0,001; ****p < 0,0001.
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Fig. 4. Relative mRNA expression of inflammatory and fibrotic mediators. Real-time PCR analysis of A) IFN-y, IL-1f, TNF-a, CCL2, and TGF-§ genes; B) a-SMA,
COL1lal, COL1a2, COL3al, MMP2, MMP9, and TIMP1 genes from livers of ARE-Del WT and HO mice at 20 and 24 weeks of age. Graph bars show mean + /- SEM
(n =5 for each experimental groups); one-way ANOVA followed by Fisher’s LSD test was carried out. Outliers were excluded based on Grubbs' test. *p < 0,05;
**p < 0,01; ***p < 0,001; ****p < 0,0001.

treated group compared with the untreated HO group, although a
reduction trend was also noted in the free Dex-treated group.
Conversely, both ANANAS and ANANAS-Hz-Dex-M treatments mark-
edly reduced serum TBA levels compared with those observed in un-

treated HO mice.

Histological analysis of liver sections was used to assess the impact of

chronic treatment on hepatic inflammation and fibrosis (Fig. 6B-C). HE
staining revealed fewer inflammatory infiltrates only in the Dex-treated
group compared to the untreated group. IBA—1 staining revealed no
difference in the area occupied by macrophages in whole liver sections

between untreated and Dex-treated HO mice. However, a significant

increase was measured after chronic treatment with ANANAS or
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ANANAS-Hz-Dex-M. These data were further supported by the mea-
surement of single macrophage size (pmz) and Feret diameter (um),
which increased after chronic treatment with ANANAS or ANANAS-Hz-
Dex-M. The maximum diameter registered for untreated mice was
16 um, whereas it was 20 ym in NP-treated mice (data not shown),
indicating active NP phagocytosis [38]. Interestingly, this size increase
was more pronounced after ANANAS-Hz-Dex-M administration (109
pm?), than after empty ANANAS (77 um?) probably owing to the lipo-
philic nature of Dex, which favours plasmatic membrane crossing. Sirius
Red staining revealed a marked reduction in intraparenchymal collagen Finally, we investigated the involvement of the NF-kB signaling
in all treatment groups compared with the untreated group, without pathway in KCs, as persistent or dysregulated NF-kB activation has been
altering collagen fiber entropy. associated with chronic inflammation, exacerbation of liver injury, and
fibrosis in a cell type-dependent manner (Fig. 8).

Immunofluorescence analysis of NF-kB (Fig. 8A) revealed enhanced
nuclear translocation of NF-kB in KCs (CD68-positive cells) from HO

group (Fig. 7A). INF-y was significantly upregulated in the ANANAS-
and ANANAS-Hz-Dex-M-treated groups compared with both the un-
treated and Dex-treated groups. TNF-a was significantly downregulated
by both ANANAS and ANANAS-Hz-Dex-M, as well as by Dex alone. By
contrast, all three treatments (Dex, ANANAS, and ANANAS-Hz-Dex-M)
significantly reduced the expression of fibrotic markers (COLlaZ2,
COL3al, a-SMA, MMP2, MMP9, and TIMP1) compared to untreated HO

male mice at 24 weeks of age (Fig. 7B), indicating a stronger effect on
fibrosis than on inflammation.

Gene expression analysis (Fig. 7) revealed no significant differences
in the IL-1B, CCL2, or TGF-p mRNA levels after treatment with Dex,
ANANAS, or ANANAS-Hz-Dex-M compared with those in the untreated
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mice compared with WT controls, indicating activation of the pathway.
Consistent with these observations, quantification of NF-kB colocaliza-
tion with KC nuclei (Fig. 8B) showed that ANANAS-Hz-Dex-M treat-
ment, and partially the Dex treatment, reduced its nuclear localization.

3.4. ANANAS-Hz-Dex-M modulate isolated KCs

These findings demonstrate that even empty ANANAS could affect
the evolution of liver damage, probably through interactions with
macrophages. We thus investigated the effects of NPs on KCs isolated
from WT and HO mice and incubated with Dex, ANANAS, or ANANAS-
Hz-Dex-M (Fig. 9). The expression of proinflammatory cytokines was
markedly increased in HO untreated KCs compared to controls,
reflecting the inflammatory state. Treatment with ANANAS-Hz-Dex-M
significantly reduced cytokine levels, comparable to Dex alone, high-
lighting its strong anti-inflammatory potential. We detected a significant
reduction in TNF-a in response to Dex and ANANAS-Hz-Dex-M, but also
in response to empty ANANAS. TGF-§ was moderately upregulated in
untreated HO cells, and ANANAS-Hz-Dex-M and Dex treatments

A WT, untreated

Biomedicine & Pharmacotherapy 202 (2026) 119770

effectively attenuated its expression, indicating their capacity to
modulate fibrosis. The expression of MMP9, which is involved in ECM
remodeling, was downregulated in HO, and this effect was further
increased by free Dex and empty ANANAS treatment. The reduction in
the analysed parameters induced by empty NPs suggests that the effect
observed in vivo is also due to the ability of empty ANANAS to affect the
macrophage phenotype.

4. Discussion

PBC is a cholestatic disease characterised by chronic autoimmune
damage of the biliary tree. Ursodeoxycholic acid (UDCA) is the only
approved treatment for PBC, however, a subgroup of patients does not
adequately respond to it, presenting a significant challenge in managing
PBC. Drug combinations and emerging drugs such as fibrates, or FXR
agonists represent a possibility for UDCA-resistant cholestasis; in PBC
patients with AIH variant (i.e. overlap PBC-AIH), a combination of
UDCA and corticosteroids is typically used [39], but steroid-based
therapies require new approaches to minimize common side effects.

HO, untreated

HO, ANANAS-Hz-Dex-M
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Fig. 8. NF-kB cellular localization. A) Immunohistochemical staining for NF-kB p65 was performed on liver sections from WT and HO (untreated and chronically
treated with Dex, ANANAS, and ANANAS-Hz-Dex-M) male mice. NF-kB signal is visible in red, while CD68-positive macrophages are in green. Nuclei are in blue. Two
different magnifications are shown, scale bars 25 um in the lower magnification and 2.5 ym in the insert. B) The histogram shows the fluorescence intensity of
nuclear NF-kB, expressed as raw integrated density. Four fields of view per mouse (n = 4) were acquired. Data are presented as mean + SEM. Statistical analysis was
performed using one-way ANOVA followed by Fisher's LSD post hoc test. *p < 0.05.
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Fig. 9. In vitro Kupffer cells treatment. KCs were isolated from the livers of WT and HO mice at 24 w of age. Adherent KCs were treated with either vehicle, Dex
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Following the incubation period, cells were harvested for gene expression analysis. Data are presented as mean + SEM (n = 3). Statistical significance was assessed
using two-way ANOVA with Tukey post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

In this context, the use of nanocarriers could be helpful, and our
previous studies in a murine model of AIH suggested that
dexamethasone-loaded ANANAS are taken up by macrophages and are
effective in reducing the expression of liver inflammation markers [19].
This specific localization could be quite important, since the role of cells
of the innate immune system is currently becoming pivotal, also
modulating the activation of T and natural killer cells [20,21,40]. In
addition, macrophages can significantly influence cholangiocyte injury
and fibrotic progression [41].

For this study, we exploited the ARE-Del-/- mouse model [23,42,43],

13

characterized by the chronic expression of INF-y due to the deletion of
the 3' untranslated region of the ARE element, which mimics several key
aspects of human PBC pathology. ARE-Del-/- mice presented elevated
serum levels of ALP and TBA, together with hepatic portal inflammation
and “bridging fibrosis”. In this model, the administration of ANANAS
carrying dexamethasone led to a reduction in serum TBA levels, AMA
levels in liver homogenates, hepatic fibrotic damage, and partially the
inflammatory response. Moreover, in non-parenchymal cells, such as
KCs, ANANAS-Hz-Dex-M attenuated the activation of NF-kB, a key
transcriptional factor driving the inflammatory response, with an
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essential role in the regulation of inflammatory signalling pathways in
the liver. It is interesting to note that a reduction in NF-«B has also been
reported to regulate macrophage polarization and inflammation in both
a PBC model and macrophage cell lines [44,45].

Liver-resident macrophages (Kupffer cells) under normal conditions
are involved in liver maintenance, but they are activated in the presence
of inflammation, as they can also recruit bone marrow-derived mono-
cytes that differentiate into macrophages. From a functional point of
view, macrophages can be polarized into M1 and M2 phenotypes due to
the presence of different molecules in the external milieu, namely LPS
and IFN-y for M1 polarization and Il-4, IL-10, TGF-$ or IL-13 for M2
polarization [46]. In general, M1 macrophages considered proin-
flammatory and secrete IL-1f, I1-6, and IL-23, whereas M2 macrophages
produce different cytokines, have various functions and are divided into
M2a, M2b, M2c, and M2d subtypes [46]. In reality, recent data obtained
by single-cell analysis on liver tissue showed the presence of ten
different macrophage subtypes [47], with an increase in activated
macrophages in PBC patients. Other data, obtained by single-cell
sequencing, revealed an increase in the IL-1 signalling pathway be-
tween KCs and stellate cells in PBC [21], thus supporting the role of
macrophages in PBC pathogenesis. Moreover, patients with PBC exhibit
elevated levels of monocyte-macrophage precursors in peripheral blood
[48], which positively correlate with markers of hepatic injury, as well
as increased IL-23 positive macrophage accumulation around bile ducts
in hepatic tissues, exacerbating cholangiocyte injury [49]. Macrophage
importance is also demonstrated in murine models of PBC, in which KCs
regulate NK cells through the secretion of cytokines [20,50].

To evaluate the effect of ANANAS on liver macrophages, we isolated
KCs that were treated with ANANAS (empty or loaded with dexameth-
asone); this treatment was able to reduce the expression of cytokines
produced by M1 macrophages, such as II-18, TNF-a and CCL5. These
data obtained from isolated KCs, although descriptive, are in agreement
with those observed on the whole tissue, suggesting that the ANANAS
effect could be mediated by a decrease in macrophage proinflammatory
cytokine production which, in turn, stimulates stellate and NK cells.

NPs have been demonstrated able to dampen the M1 phenotype or
induce a phenotype shift, an effect mainly demonstrated with loaded
NPs [51]. Furthermore, our research group has recently demonstrated
that glycosylated gold NPs selectively target CD206-expressing M2
macrophages, thereby reducing M1 macrophage infiltration, promoting
M2 polarization, and attenuating periductal inflammation and fibrosis
in Are-Del-/- mouse models [27].

It must be noted that, in our experimental settings, empty ANANAS
treatment was also associated with reduced hepatic fibrosis at histo-
logical levels along with decreased mRNA expression of TNF-a and
collagens, a-SMA and MMPs, as well as reduced cytokine production. We
can hypothesize that the therapeutic effect of these NPs can be due to
their interaction with hepatic macrophages, as suggested by the increase
in macrophage dimensions due to the substantial uptake of the nano-
carrier in their lysosomal compartments. Although this hypothesis needs
further experimental evaluations, it has been reported that macrophage
engulfment (in this case due to apoptotic bodies) [52], can lead to
immunotolerance. Interestingly, this idea was exploited by Kraynak
et al. [53], who were able to design nanoparticles with a PLGA core
covered by membrane vesicles and an external layer of PEG, which
dampened macrophage cytokine production.

Our results with the ANANAS formulation support the efficacy of this
nanotherapeutic approach and confirm that resident liver macrophage
as a drug target. A promising future application could include not only
the use of steroids, but also other drugs (alone or in combination) loaded
on such nanoassemblies targeting the pathogenic mechanisms of PBC.
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