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Abstract

Background/Objectives: Hepatic encephalopathy (HE) is characterized by hyperammone-
mia, neuroinflammation, oxidative stress, and blood–brain barrier (BBB) dysfunction, with
brain endothelial cells being highly vulnerable to ammonia-induced damage. Adiponectin
is a cytoprotective adipokine that may enhance endothelial resilience; however, its specific
role under hyperammonemic conditions remains unclear. This study aims to investigate the
protective effects of adiponectin on brain endothelial function and BBB integrity. Methods:
In vivo, male C57BL/6J mice underwent bile duct ligation (BDL) surgery and received
daily intraperitoneal adiponectin injections (10 µg/kg/day) for 6 days, starting 5 days
post-surgery. On day 11, brain tissues and serum were collected for molecular and cy-
tokine analyses. In vitro, mouse brain endothelial cells (bEnd.3) were pretreated with
adiponectin before exposure to ammonia. Assays for tight junction preservation, mito-
chondrial membrane potential, reactive oxygen species (ROS) generation, and total RNA
sequencing were performed. Results: In BDL mice, adiponectin increased the expression of
the tight junction protein claudin-5 and synaptic marker PSD95 across the cortex, hippocam-
pus, and striatum, while reducing pro-oxidant (Cyp2e1, Cyp4a1) and apoptotic (Caspase-
9) markers. In vitro, adiponectin pretreatment maintained tight junction proteins, sup-
pressed inflammatory markers, restored mitochondrial membrane potential, and decreased
ROS generation in ammonia-exposed bEnd.3 cells. Transcriptomic profiling revealed that
adiponectin modulates stress-related gene expression under hyperammonemic conditions.
Conclusions: Adiponectin enhances cellular stress resistance and maintains BBB struc-
tural integrity under ammonia-induced toxicity. These findings suggest that adiponectin
serves as a promising therapeutic target for mitigating neurovascular unit dysfunction in
hepatic encephalopathy.
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1. Introduction
Hepatic encephalopathy (HE) is a neuropsychiatric syndrome associated with acute

or chronic liver dysfunction, characterized by cognitive impairment, behavioral changes,
motor abnormalities, and, in severe cases, impaired consciousness [1–3]. Despite clinical
advances, HE remains a major cause of morbidity, reduced quality of life, and health-care
burden. Multiple mechanisms underlie HE pathogenesis, including systemic inflammation,
metabolic dysregulation, and the accumulation of neurotoxic metabolites [4,5]. Of these,
hyperammonemia is a consistently recognized and clinically actionable driver of HE [4].
Increasing evidence suggests that HE results from dysfunction of the neurovascular unit,
where cerebral endothelial cells, pericytes, astrocytic end feet, and neurons regulate barrier
integrity and maintain brain homeostasis [6,7]. The blood–brain barrier (BBB) is primarily
formed by specialized brain microvascular endothelial cells connected via tight junctions
and supported by astrocytes and pericytes [8]. Tight junction proteins, including claudins
and occludin, regulate paracellular permeability and prevent the passage of circulating tox-
ins and inflammatory mediators. Impaired BBB integrity allows peripheral cytokines and
immune signals to readily affect the brain parenchyma, exacerbating neuroinflammation
and neuronal dysfunction [8,9]. In liver failure, including HE, circulating factors such as
ammonia, bile acids, endotoxin, and inflammatory cytokines contribute to BBB breakdown
and endothelial dysfunction [10,11].

Ammonia is primarily produced in the gut and detoxified by the liver via the urea
cycle; however, its levels increase significantly during liver dysfunction [12]. Elevated
ammonia disrupts brain neurotransmission and cellular metabolism, causing mitochon-
drial dysfunction, impaired membrane potential, increased reactive oxygen species (ROS)
production, impaired glutamate metabolism, and inflammatory signaling activation at the
cellular level [12–14]. In endothelial cells, mitochondrial stress and oxidative injury destabi-
lize tight junction complexes, promote cytoskeletal remodeling, and trigger cytokine release
that collectively weaken BBB function [15]. Therefore, strategies that mitigate ammonia-
induced oxidative and mitochondrial stress while preserving tight junction integrity may
protect neurovascular function in HE.

Bile duct ligation (BDL) is a well-established experimental model of cholestatic liver
injury that induces systemic inflammation and metabolic disturbances relevant to HE [16].
BDL causes broad physiological changes that can affect the brain, including altered circu-
lating metabolites and inflammatory mediators [17]. While numerous HE studies focus
on astrocyte swelling and neuronal signaling, BBB dysfunction is increasingly recognized
as an early and functionally significant feature of HE pathophysiology [18]. Evaluating
BBB-associated proteins, including claudin-5 and occludin, and synaptic markers such as
postsynaptic density protein 95 (PSD95), alongside oxidative stress and apoptotic pathways,
can elucidate how cholestasis-related systemic insults contribute to brain vulnerability.
In this study, the effects of adiponectin on BBB protection were investigated in the BDL
mouse model.

Adiponectin, an adipose tissue–derived hormone, regulates metabolism, insulin sen-
sitivity, and anti-inflammation. Adiponectin exerts cellular effects primarily through
adiponectin receptor 1 (AdipoR1) and receptor 2 (AdipoR2), activating pathways that influ-
ence mitochondrial function, oxidative stress responses, and inflammatory transcription [19].
In vascular biology, adiponectin improves endothelial function and reduces inflammatory
activation across multiple conditions [20]. These properties suggest that adiponectin may
strengthen BBB integrity and enhance endothelial resilience during systemic inflammation
and metabolic stress.

However, the role of adiponectin signaling in brain endothelial cells under hyper-
ammonemic stress and its effect on BBB-associated molecular changes in HE remains
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unclear. Specifically, whether adiponectin protects tight junction architecture during am-
monia exposure, normalizes mitochondrial stress responses and ROS production in brain
endothelium, and induces supportive molecular signatures in both in vivo HE models and
in vitro hyperammonia conditions remains undefined.

Therefore, this study aims to investigate whether adiponectin regulates brain en-
dothelial function and preserves blood–brain barrier (BBB) integrity under hyperam-
monemic conditions. To achieve this, systemic parameters, BBB integrity, neuroinflam-
mation, and synaptic plasticity markers were examined in a bile duct ligation (BDL)
mouse model of HE. In parallel, brain endothelial cells (bEnd.3) were evaluated under
in vitrohyperammonemic conditions to assess inflammatory gene expression, tight junc-
tion protein preservation, mitochondrial membrane potential, and ROS production. Fur-
thermore, total RNA sequencing was employed to elucidate the transcriptomic changes
and downstream signaling pathways modulated by adiponectin pretreatment under
hyperammonemic stress.

2. Results
2.1. Adiponectin Reduced Pro-Inflammatory Cytokine Levels and Reactive Oxygen Species
Generation in the Blood of the Bile Duct Ligation Mouse Model

Male C57BL/6J mice underwent either sham or BDL surgery, a common model for
hepatic encephalopathy [21]. Adiponectin was administered intraperitoneally (i.p.) at
10 µg/kg/day for 6 days, beginning on day 5 post-surgery, and tissues were collected
on day 11 (Figure 1A). Body weight and blood glucose levels were monitored weekly
following adiponectin treatment. Body weight progressively decreased in the BDL group
and adiponectin-treated BDL mice (Figure 1), while Blood glucose levels remained similar
between the two groups throughout the study period. To examine cytokine secretion
patterns in BDL mouse blood, cytokine levels were measured using a cytokine array kit
(Figure 1B). Adiponectin administration reduced the levels of pro-inflammatory cytokines
such as C5, MCP-1, and TNF-α (Figure 1B), while increasing the anti-inflammatory cytokine
SDF-1 (Figure 1B). These findings indicate that adiponectin reduces pro-inflammatory
cytokine release and ROS generation in BDL mouse blood.

2.2. Adiponectin Maintains Tight Junction Proteins, Increased the Expression of Synaptic
Plasticity-Related Proteins, and Decreases Inflammatory Responses in Bile Duct Ligation
Mouse Brain

Western blotting was performed to evaluate changes in synaptic plasticity density
and tight junction proteins in the brain. In the brain cortex, protein expression of the
tight junction protein claudin-5 and the synaptic density protein PSD95 was increased
in adiponectin-treated BDL mice compared to BDL mice (Figure 1C). Similar increases
in PSD95 and claudin-5 were observed in the hippocampus (Figure 1F) and striatum
(Figure 1I). In addition, mRNA levels of cell death marker caspase-9 and ROS-related genes,
including cyp2e1 and cyp4a1, were analyzed using RT-PCR. In the cortex, adiponectin-
treated BDL mice showed reduced mRNA levels of caspase-9, cyp2e1, and cyp4a1 com-
pared to BDL mice (Figure 1D,E). Similar reductions were observed in the hippocampus
(Figure 1G,H) and striatum (Figure 1J,K). These findings indicate that adiponectin inhibits
cell death signaling while supporting BBB integrity and synaptic stability in the BDL
mouse brain.
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Figure 1. Therapeutic effects of adiponectin administration on systemic parameters and cortical
molecular markers in a bile duct ligation (BDL) mouse model. (A) Experimental timeline and
treatment protocol. Twelve-week-old male C57BL/6J mice underwent a sham operation or BDL.
Starting 5 days post-surgery, mice received daily intraperitoneal injections of adiponectin (10 µg/kg)
or vehicle for 6 days. Animals were sacrificed on day 11 for molecular analyses. (B) Cytokine array
analysis of blood from BDL and adiponectin-injected BDL mice. 1:C5, 2:MCP-1, 3:SDF-1, 4:TNF-α.
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(C) Representative Western blots and densitometric quantification of synaptic protein PSD95 and tight-
junction protein Claudin5 in the cerebral cortex, with GAPDH as the loading control. (D) Relative
cortical Caspase-9 mRNA expression, normalized to Gapdh. (E) Relative cortical mRNA expression of
the ROS-generating enzymes Cyp2e1 and Cyp4a1, normalized to Gapdh. (F) Representative Western
blots and densitometric quantification of hippocampus PSD95 (synaptic marker) and Claudin-5 (tight
junction protein), normalized to GAPDH. (G) Relative hippocampal Caspase-9 mRNA normalized
to Gapdh. (H) Relative hippocampal mRNA expression of ROS-generating enzymes Cyp2e1 and
Cyp4a1, normalized to Gapdh. (I) Representative Western blots and densitometry of synaptic protein
PSD95 and tight junction protein Claudin 5 in the striatum; GAPDH served as a loading control.
(J) Relative striatal mRNA expression of the apoptosis-related gene Caspase-9, normalized to Gapdh.
(K) Relative striatal mRNA expression of ROS-generating enzymes Cyp2e1 and Cyp4a1, normalized
to Gapdh. Data are shown as mean ± SEM (n = 3 per group). Statistical significance was assessed
using an unpaired two-tailed t-test with Welch’s correction. * p < 0.05, ** p < 0.01. Abbreviations:
BDL, bile duct ligation; BDL + A, adiponectin injected BDL mouse; PSD95, postsynaptic density
protein 95; SHAM, Sham-operated mice were subjected to laparotomy only; ROS, reactive oxygen
species; Cyp2e1, cytochrome P450 family 2 subfamily E member 1; Cyp4a1, Cytochrome P450 4A1; C5,
complement component C5; MCP-1, monocyte chemoattractant protein-1; SDF-1; stromal cell-derived
factor-1; TNF-α, tumor necrosis factor-alpha.

2.3. Effects of Adiponectin on Inflammation, Tight Junction Protein Loss, Mitochondrial
Depolarization, and Reactive Oxygen Species Accumulation in Brain Endothelial Cells Under
Ammonia Induced Toxicity

To directly investigate the effect of adiponectin on brain endothelial cells in vitro HE
conditions, bEnd.3 cells were cultured under hyperammonia conditions (Figure 2A). bEnd.3
cells were pretreated with adiponectin (10 µg/mL) for 4 h before exposure to ammonia
(10 mM) (Figure 2A). Figure 2B showed that ammonia-treated bEnd.3 cells exhibited
morphological changes associated with cell damage, which were less pronounced in the
adiponectin-pretreated group. Adiponectin pretreatment reduced the expression of pro-
inflammatory cytokines, including TIMP-1, KC, and MCP-1, while increasing CXCL10 and
MIP-2 expression in ammonia-treated bEnd.3 cells (Figure 2C). Immunocytochemistry data
showed that adiponectin pretreatment maintained the expression levels of tight junction
proteins, including claudin-5 (Figure 2D,F) and occludin, in ammonia-treated bEnd.3
cells (Figure 2E,G). Additionally, mitochondria membrane potential in bEnd.3 cells were
assessed using a commercial kit (Figure 2H,J). JC-1 aggregate red fluorescence intensity
was higher in adiponectin-pretreated, ammonia-exposed bEnd.3 cells than in ammonia-
treated bEnd.3 cell group (Figure 2H,J). Intracellular ROS generation in bEnd.3 cells, was
performed using the DCF-DA assay (Figure 2I,K). Collectively, these findings suggest that
adiponectin modulates brain endothelial cell function under ammonia toxicity by regulating
inflammatory markers, excessive ROS generation, and mitochondrial dysfunction.

2.4. Adiponectin Regulates the Expression of Pro-Inflammatory Cytokines and Antioxidant Genes
in Brain Endothelial Cells

We examined the protein levels tight junction protein claudin 5 in adiponectin-treated
bEnd.3 cells under hyperammonemic conditions using Western blot analysis (Figure 3A). In
ammonia-treated bEnd.3 cells, adiponectin increased claudin-5 protein levels in ammonia-
treated bEnd.3 cells compared to untreated cells (Figure 3A). Figure 3B showed that
adiponectin treatment increased the mRNA level of the pro-inflammatory IL-6 and anti-
inflammatory cytokine IL-10 in ammonia-treated bEnd.3 cells. Analysis of Bcl-2 (cell
survival) and Caspase-9 (apoptosis) mRNA expression revealed a protective trend of
adiponectin against ammonia-induced cell death; however, the changes were not statisti-
cally significant (Figure 3C). Adiponectin treatment increased mRNA levels of superoxide
dismutase 1 (Sod1) as an antioxidant gene in ammonia-treated bEnd.3 cells (Figure 3D).
Ammonia treatment reduced mRNA levels of cytochrome c oxidase subunit 7A1 (Cox7a1)
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gene, supporting mitochondrial function, such as adenosine triphosphate (ATP) production
in bEnd.3 cells (Figure 3E). Adiponectin treatment showed no significant changes in this
marker (Figure 3E). Figure 3 showed that adiponectin maintained claudin-5 expression
through AdipoR1 and AdipoR2, reduced pro-inflammatory cytokine levels, and increased
antioxidant gene Sod1 in ammonia-treated bEnd.3 cells. While adiponectin did not fully
reverse ammonia-induced suppression of IL10 and Sod1 mRNA, it effectively maintained
Claudin-5 levels. These findings suggest that adiponectin may exert its protective effects
mainly through post-translational regulation or alternative signaling pathways, including
G protein–coupled receptors (GPCRs), rather than by reversing transcriptional deficits.

Figure 2. Adiponectin inhibits the secretion of pro-inflammatory cytokines, tight junction protein
loss, mitochondrial depolarization, and ROS generation. (A) Experimental design for bEnd.3 cells.
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Cells were pretreated with 10 µg/mL adiponectin for 4 h, subsequently exposed to 10 mM ammonia
for 24 h. Experimental groups were Control (Ctr), adiponectin alone, ammonia alone, and adiponectin
pretreatment plus ammonia; cells were collected for protein and RNA analyses. (B) Virtual cell image
for all groups. (C) Cytokine array of conditioned media from ammonia- and ammonia + adiponectin–
treated cells group. Red and blue boxes indicate relatively increased and decreased cytokine signals,
respectively. 1: CXCL10, 2:TIMP-1, 3:KC, 4:MCP-1, 5:MIP-2, 6:SDF-1. (D,E) immunofluorescence
quantification of intensity of tight junction proteins claudin-5 (D) and occludin (E) in bEnd.3 cells.
(F,G) Representative immunofluorescence images showing claudin-5 (F) (green) and occluding, Scale
bar: 50 µm (G) (green) with nuclear counterstaining (DAPI, blue) across all groups. Scale bars,
50 µm. (H) Representative JC-1 images showing mitochondrial membrane potential (aggregates, red;
monomers, green) across all groups. Scale bar: 50 µm (I). Representative images of intracellular
ROS detected by DCF-DA fluorescence (green) in all groups. Scale bar, 400 µm. (J) Mitochondrial
membrane potential quantified as the JC-1 aggregate/monomer fluorescence ratio across groups.
(K) ROS levels were quantified using DCF-DA fluorescence intensity in all groups. Data are presented
as mean ± SEM of three independent experiments (n = 3). Statistical significance was assessed using
an unpaired two-tailed t-test with Welch’s correction (* p < 0.05, ** p < 0.01). Abbreviations: CXCL10,
C-X-C motif chemokine ligand 10; TIMP-1, tissue inhibitors of metalloproteinases; KC, keratinocyte-
derived chemokine; MCP-1, monocyte chemoattractant protein-1; MIP-2, macrophage inflammatory
protein-2; SDF-1, stromal cell-derived factor-1; ctr, control group. No treatment group. A + A,
adiponectin pretreated ammonia-exposed bEND.3 cell group; DAPI, 4′,6-diamidino-2-phenylindole
(blue color); JC-1 aggregate (red color); JC-1 monomer (green color) DCF-DA, 2′,7′-dichlorofluorescin
diacetate; ROS, reactive oxygen species.

2.5. Transcriptomic Alterations by Adiponectin Are Associated with the Modulation of
Ammonia-Induced Stress Signaling in Brain Endothelial Cells

To investigate the molecular mechanisms underlying the protective effects of
adiponectin against ammonia toxicity, we performed RNA sequencing (RNA-seq) on
bEnd.3 cells. We compared the transcriptomic profiles of ammonia-exposed cells (A
groups) to those of cells pretreated with adiponectin before ammonia exposure (AA
groups). Principal component analysis (PCA; Figure 4C) and hierarchical clustering
heatmap (Figure 4A) revealed distinct transcriptomic signatures between the groups, indi-
cating that adiponectin pretreatment globally alters gene expression under hyperammone-
mic conditions (Figure 4A,C). Figure 4A,B show a clear distinction between the two groups
(Figure 4A,C). The volcano plot (Figure 4B) identified key genes—including Pdlim5, Aif1,
Gm43152, Gm3160, Gm48753, 5730522E02Rik, 1700047M11Rik, Mir151, Zbtb22, Spire1,
Nlrx1, Vrk2, Tex30, Csrnp1, Ccl17, Mir7063, and Mir106b—in adiponectin-pretreated bEnd.3
cells under ammonia conditions (Figure 4B). Among significantly altered genes (p < 0.05),
the top 20 upregulated genes were selected based on fold-change ranking (Figure 4D).
The top 20 upregulated genes in adiponectin-pretreated, ammonia-exposed bEnd.3 cells
include Mir106b, Mir7063, Rpl15-ps3, Mir9b-1, Gm22208, Gm8203, Gm7488, Gm49737,
Gm23470, Mir6920, Ccl17, Gm43962, Gm47423, Mir153, Csmp1, Mir212, Gm48659, Poln,
1700001O22Rik, and Gm45628 (Figure 4D). Adiponectin pretreatment predominantly up-
regulated microRNAs (Mir106b, Mir7063, Mir9b-1, Mir153, Mir212) and ribosomal pseudo-
genes, suggesting enhanced post-transcriptional regulation and translational modulation.
Upregulation of the immune-modulatory chemokine Ccl17 and Csmp1 (cysteine-serine-
rich nuclear protein) suggests potential activation of cytoprotective signaling pathways.
Collectively, these changes reflect the role of adiponectin in promoting stress adaptation
and immune homeostasis in ammonia-exposed endothelial cells. Among significantly
altered genes (p < 0.05), the top 20 downregulated genes were selected based on fold change
ranking (Figure 4E). The top 20 downregulated genes in adiponectin-pretreated bEnd.3
cell under ammonia exposure included Rps6-ps4, Mir151, n-R5s41, Gm48753, Gm23214,
Gm14389, Mir329, Gm24706, 5S_rRNA, 94300650F17Rik, Gm24029, Gm17191, Gm25683,
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Gm45147, Gm48006, Gm42441, Gm26254, Gm3160, Gm13314, and Gm8738 (Figure 4E). The
downregulated genes were mainly pseudogenes (Rps6-ps4), microRNAs (Mir151, Mir329),
and ribosomal RNA components (5S_rRNA, n-R5s41), suggesting reduced stress-induced ri-
bosomal dysregulation and noncoding RNA-mediated inflammatory responses (Figure 4E).
The reduction in these genes suggests that adiponectin may help normalize aberrant RNA
processing and mitigate ammonia-induced cellular dysregulation. This pattern reflects
restoration of cellular homeostasis rather than simple gene suppression.

Figure 3. Adiponectin modulates tight junction proteins, and inflammatory cytokines in bEND.3
cells under hyperammonia condition. (A) Representative western immunoblots and densitometric
claudin 5 protein levels in bEnd.3 cells across all groups. Protein signals were normalized to GAPDH.
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(B–F) qPCR analysis measured mRNA expression of (B) anti-inflammatory cytokine IL-10 and pro-
inflammatory cytokine, (C) cell survival marker Bcl2 and apoptotic marker caspase9, (D) antioxidant
gene Sod1 and Prdx5, (E) mitochondrial functional marker Cox7a1 were measured using qRT-
PCR analysis across all groups. mRNA levels were normalized to GAPDH. Data are presented as
mean ± SEM of three independent experiments (n = 3). Statistical significance was assessed using an
unpaired two-tailed t-test with Welch’s correction (* p < 0.05, ** p < 0.01, *** p < 0.001). Abbreviations:
IL-6, interleukin-6; IL-10, interleukin-10; Bcl2, B-cell lymphoma 2; Sod1, superoxide dismutase 1;
Prdx5, peroxiredoxin 5; Cox7a1, Cytochrome C Oxidase Subunit 7A1; Ctr, control group; no treatment
group; A + A, adiponectin pretreated ammonia exposed bEND.3 cell group.

Using a p < 0.05 threshold, the top 800 upregulated and 800 downregulated genes in
the adiponectin-pretreated group were selected for GO enrichment analysis (Figure 4F,G).

GO enrichment analysis was conducted on the top 800 upregulated genes (p < 0.05)
ranked by fold change (Figure 4F). GO enrichment analysis of the 800 upregulated genes
revealed terms related to sensory perception of chemical stimuli, regulation of responses to
stimuli and stress, immune and defense responses, programmed cell death, and positive
regulation of cellular processes and differentiation (Figure 4F). Enriched GO terms among
upregulated genes indicate that adiponectin may engage adaptive stress response mecha-
nisms, including oxidative stress defense (response to oxygen-containing compounds and
stress), immune regulation (regulation of immune system process and cellular response
to TNF), and cell survival signaling (regulation of programmed cell death and positive
regulation of cellular processes). Functional analysis of upregulated genes revealed sig-
nificant enrichment of pathways associated with “sensory perception of chemical stimuli”
and “GPCR signaling pathways” (Figure 4F). This suggests that adiponectin may enhance
cell survival, potentially priming intracellular signaling pathways necessary for adapta-
tion to toxic stimuli. Collectively, these pathways indicate that adiponectin pretreatment
primes endothelial cells for coordinated protection against ammonia-induced oxidative
and inflammatory damage.

Subsequently, GO enrichment analysis was conducted on the top 800 downregulated
genes (p < 0.05) ranked by fold change (Figure 4G). GO enrichment analysis of the
top 800 downregulated genes revealed pathways related to purinergic nucleotide and
G protein–coupled receptor signaling, locomotory behavior, vitamin responses, leuko-
cyte migration, amine response, and long-term synaptic potentiation (Figure 4G). The
downregulated GO terms predominantly involve neurotransmitter signaling (purinergic
nucleotide and G protein–coupled dopamine receptor signaling), locomotory behavior,
and synaptic function (positive regulation of long-term synaptic potentiation), suggest-
ing suppression of neuronal-like stress responses in endothelial cells. Downregulation
of vitamin D response and leukocyte migration indicates reduced pro-inflammatory en-
dothelial activation. This pattern suggests that adiponectin restores endothelial barrier
function by reducing abnormal neuronal signaling and excessive immune cell recruitment
caused by ammonia toxicity. Additionally, the downregulated genes were strongly en-
riched in “purinergic nucleotide receptor signaling pathways” (Figure 4G). Given that
hyperammonemia-induced extracellular ATP release and purinergic receptor activation in-
fluence neuroinflammation, oxidative stress, and BBB disruption, their downregulation sug-
gests a key protective mechanism. Adiponectin may mitigate ammonia toxicity by downreg-
ulating aberrant purinergic signaling, thereby influencing downstream inflammatory and
apoptotic pathways.
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Figure 4. Adiponectin pretreatment modulates transcriptomic profiles in ammonia-exposed
brain endothelial cells. (A) Heatmap of hierarchically clustered differentially expressed genes
(DEGs) illustrating distinct expression patterns between ammonia-treated (A1, A2, A3) and
adiponectin-pretreated + ammonia (AA1, AA2, AA3) groups. (B) Volcano plot illustrating DEGs
distribution. Red dots represent upregulated genes, and blue dots represent downregulated
genes in the AA (Adiponectin+ ammonia) group compared to the A (ammonia) group (p < 0.05).
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(C) PCA plot showing distinct transcriptomic profiles between ammonia and adiponectin +ammonia
groups. (D) Bar graph of the top 20 significantly upregulated genes in the adiponectin +ammonia
group (ranked by fold change). (E) Bar graph of the top 20 most significantly downregulated genes
in the adiponectin + ammonia group. (F) GO enrichment analysis of the top 800 upregulated genes
(p < 0.05). The most enriched biological processes include chemical-sensing and GPCR signaling.
(G) GO enrichment analysis of the top 800 downregulated genes (p < 0.05). The analysis reveals
a significant suppression of purinergic nucleotide receptor signaling pathways. Abbreviations:
A, ammonia treatment group; AA, adiponectin + ammonia treatment group.

2.6. Adiponectin Influences Molecular Networks and Predicted Transcription Factor Targets
Associated with Endothelial Homeostasis

To elucidate the systemic connectivity of the adiponectin-induced transcriptomic
changes, we performed a comprehensive network and pathway analysis on the identified
DEGs. First, a protein–protein interaction (PPI) network was constructed to visualize the
functional clusters among the most significantly top 20 upregulated genes. This analysis
revealed a highly interconnected module centered on immune-modulatory chemokines,
where Ccl17, Ccl22, Ccl5, and Ccr5 emerged as core hubs, suggesting that adiponectin
predominantly modulates the endothelial secretome to manage the local inflammatory
environment (Figure 5A). To assess the global impact of adiponectin on biological functions,
Gene Set Enrichment Analysis (GSEA) was conducted across several critical domains. The
results demonstrated a robust negative enrichment in gene sets related to Oxidative Stress
Response, Inflammation/NF-κB Signaling, Wnt/Notch Signaling, and Cytoskeleton & BBB
Integrity, confirming that adiponectin pretreatment effectively suppresses the broad stress-
related molecular signatures typically triggered by ammonia exposure (Figure 5B). Further
integration of these findings through a gene-pathway association network revealed specific
molecular links; for instance, cytoprotective genes like Prdx2 and Gstm1 were strategically
positioned within the Nrf2-mediated antioxidant response, while hub genes like Ccl17 pro-
vided a link between inflammatory signaling and the maintenance of the cytoskeletal archi-
tecture required for BBB stability (Figure 5C). Finally, we performed an upstream regulator
prediction analysis to identify the master transcription factors potentially associated with
these protective effects. This analysis identified a significant number of target genes specifi-
cally regulated by Nrf2 (Nfe2l2), NF-κB, and FoxO. Notably, the Nrf2 pathway showed the
highest number of identified targets—including Prdx2, Gstm1, and Txndc15—suggesting
that the predicted involvement of the antioxidant response may be a primary mechanism
through which adiponectin mitigates hyperammonemic damage in brain endothelial cells
(Figure 5D).
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Figure 5. Network Analysis and Transcriptomic Reprogramming Driven by Adiponectin.
(A) Protein–Protein Interaction (PPI) Network. Visualization of the functional interactome based on
the top 20 upregulated genes. Node size correlates with connectivity degree, identifying Ccl17, Ccl22,
Ccl5, and Ccr5 as central hub proteins within the adiponectin-modulated landscape. (B) Gene Set
Enrichment Analysis (GSEA). GSEA enrichment plots for four primary biological clusters: Oxidative
Stress Response, Inflammation/NF-κB Signaling, Wnt/Notch Signaling, and Cytoskeleton & BBB
Integrity. The downward-sloping profiles indicate a significant negative enrichment trend in these
pathways following adiponectin pretreatment under hyperammonemic stress. (C) Gene-Pathway
Interaction Network. A structured mapping showing the association of specific differentially ex-
pressed genes (DEGs) with their respective functional groups. Notably, genes such as Prdx2, Gstm1,
and Txndc15 are mapped to the Oxidative Stress/Nrf2 Response, while Ccl17 and Nlrx1 bridge
inflammatory signaling and barrier integrity. (D) Prediction of Upstream Transcription Factor Targets.
Quantitative analysis identifying the number of target genes associated with master regulators. The
bar graph highlights the identification of downstream targets for Nrf2 (Nfe2l2), NF-κB, and FoxO,
with representative genes (e.g., Prdx2, Gstm1, Siah2) listed within each regulatory category. Abbrevi-
ations: A, Ammonia group, AA, Adiponectin + Ammonia group, BBB: Blood–Brain Barrier, Ccl: C-C
Motif Chemokine Ligand (e.g., Ccl17, Ccl22, Ccl5), Ccr: C-C Motif Chemokine Receptor (e.g., Ccr5,
Ccr4), DEGs: Differentially Expressed Genes, FoxO: Forkhead Box O, GSEA: Gene Set Enrichment
Analysis, Gstm1: Glutathione S-Transferase Mu 1, NF-κB: Nuclear Factor-kappa B, Nrf2 (Nfe2l2):
Nuclear Factor Erythroid 2-Related Factor 2, PPI: Protein–Protein Interaction, Prdx2: Peroxiredoxin 2,
Siah2: Siah E3 Ubiquitin Protein Ligase 2, Txndc15: Thioredoxin Domain Containing 15.
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3. Discussion
In this study, we showed that adiponectin was associated with protective effects in a

BDL-induced mouse model of hepatic encephalopathy (HE) and in ammonia-exposed brain
endothelial cells. Our findings suggest that adiponectin may mitigate systemic inflamma-
tory responses and help maintain the expression of BBB-associated tight junction proteins
and synaptic-associated markers, while also showing associations with modulated oxida-
tive stress, mitochondrial function, and transcriptomic profiles in brain endothelial cells.
Systemic inflammation acts synergistically with hyperammonemia to promote cerebral
edema and cognitive dysfunction in HE [22]. Importantly, the BDL model induces broad
cholestatic injury and systemic alterations beyond isolated hyperammonemia, meaning the
observed in vivo effects likely reflect a response to generalized hepatic failure rather than
ammonia toxicity alone. In the BDL mouse model, adiponectin treatment reduced circu-
lating pro-inflammatory mediators, including TNF-α, MCP-1, and C5, which have been
implicated in endothelial tight junction disruption, BBB dysfunction, and leukocyte infiltra-
tion into the brain parenchyma [23–26]. We also observed increased SDF-1, a chemokine
that has been associated with tissue repair and context-dependent anti-inflammatory sig-
naling in certain neuropathological settings [27,28]. In contrast, in ammonia-exposed
endothelial cells, adiponectin pretreatment was associated with increased expression of
CXCL10 and MIP-2 despite an overall reduction in several inflammatory markers. This
differential pattern should be interpreted cautiously. Rather than indicating a uniformly
suppressive anti-inflammatory effect, it may reflect a context-dependent immunomodu-
latory response in the local endothelial microenvironment. Because CXCL10 and MIP-2
can participate in leukocyte signaling, endothelial stress responses, and tissue repair, their
upregulation may be related to adaptive endothelial signaling under ammonia stress. How-
ever, the present study was not designed to define the precise mechanism underlying
this selective chemokine regulation. Overall, these findings suggest that adiponectin may
modulate systemic and local inflammatory responses in distinct ways rather than acting as
a nonselective suppressor of immune signaling [29–31].

The structural integrity of the BBB is crucial for inhibiting neurotoxins, including
ammonia and inflammatory cytokines, from entering the CNS [32]. In the present study,
adiponectin treatment was associated with preservation of the tight junction proteins
Claudin-5 and Occludin in the cortex, hippocampus, and striatum of BDL mice, as well as
in ammonia-treated bEnd.3 cells [20,33]. This finding is relevant because reduced Claudin-5
expression is considered an early feature of BBB disruption in HE [6]. In addition, preserva-
tion of BBB-related proteins was accompanied by maintenance of PSD-95, a postsynaptic
density protein involved in synaptic organization and plasticity. Together, these obser-
vations are consistent with the possibility that adiponectin supports neurovascular unit
stability by preserving endothelial barrier-associated proteins and maintaining a microen-
vironment that is more favorable for neuronal homeostasis [34–36].

In addition to its association with endothelial protection, adiponectin may also influ-
ence glymphatic function. Glymphatic clearance depends on intact vascular architecture,
preserved perivascular space integrity, and coordinated astrocytic function [37,38]. Because
endothelial dysfunction and systemic inflammation are major features of HE, impairment
of glymphatic efficiency may plausibly contribute to disease progression. In this con-
text, preservation of endothelial tight junctions and reduction in inflammatory stress by
adiponectin may indirectly support glymphatic clearance. However, this interpretation
remains hypothetical, as glymphatic function was not directly assessed in the present study.
Future studies evaluating glymphatic markers, including aquaporin-4 (AQP4) polariza-
tion, will be necessary to determine whether this pathway contributes to the observed
protective effects.

https://doi.org/10.3390/ph19030419

https://doi.org/10.3390/ph19030419


Pharmaceuticals 2026, 19, 419 14 of 26

At the cellular level, our in vitro findings suggest that adiponectin may counter
ammonia-induced endothelial injury which is associated with reducing oxidative stress
and stabilizing mitochondrial function. Ammonia toxicity has been linked to mitochondrial
permeability transition, reactive oxygen species (ROS) generation, and endothelial cell
injury [12,39,40]. In our experiments, adiponectin pretreatment reduced ROS accumulation
and was associated with restoration of mitochondrial membrane potential in ammonia-
exposed bEnd.3 cells. These changes were accompanied by downregulation of Cyp2e1 and
Cyp4a1, which encode cytochrome P450 enzymes that can contribute to oxidative stress
under hyperammonemic conditions [41–43] and by upregulation of the antioxidant gene
Sod1 [24,44]. Since CYP2E1-derived ROS has been implicated in mitochondrial damage,
calcium dysregulation, inflammasome activation, and apoptosis-related signaling [45,46],
the observed transcriptional changes are consistent with a shift toward a less oxidative
cellular state.

RNA sequencing further suggested that adiponectin is associated with a broader stress-
response profile in ammonia-exposed endothelial cells. Adiponectin pretreatment was
associated with increased expression of several microRNAs, including miR-106b, miR-7063,
miR-9b-1, and miR-153. Because microRNAs regulate networks involved in inflammation,
oxidative stress, and cell survival [47,48], these findings raise the possibility that adiponectin
may be involved in coordinated post-transcriptional regulation under ammonia stress. For
example, miR-106b has been linked to cell-cycle regulation and anti-apoptotic signaling [49],
which is broadly consistent with the lower Caspase-9 expression observed under ammonia-
stressed conditions in the presence of adiponectin pretreatment. Among the upregulated
genes, Ccl17 may be relevant to immune modulation [50,51], while Csrnp1 (also known as
Axud1) has been implicated in cell survival-related processes [52]. Conversely, among the
downregulated transcripts, miR-151 has been associated with apoptosis-related responses in
inflammatory injury models [53]. Although these associations are biologically suggestive,
the present study does not establish direct causal relationships between these specific
transcripts and the protective effects of adiponectin.

Gene Ontology analysis supported this interpretation by showing enrichment of
pathways related to the response to oxygen-containing compounds and the regulation
of programmed cell death among upregulated genes. These transcriptomic findings are
consistent with the biochemical data indicating reduced oxidative stress and improved
mitochondrial stability. At the same time, analysis of downregulated genes suggested an
association with the suppression of signaling categories related to purinergic receptor sig-
naling and other stress-associated pathways. Under hyperammonemic conditions, aberrant
extracellular ATP signaling may contribute to endothelial dysfunction, intracellular calcium
dysregulation, inflammasome activation, and BBB impairment. Therefore, the downreg-
ulation of these signaling programs may be consistent with preservation of endothelial
homeostasis. However, these pathway-level findings should be interpreted as associative
rather than definitive mechanistic proof.

Notably, although ammonia reduced Cox7a1, a gene involved in mitochondrial ox-
idative phosphorylation [54], adiponectin did not significantly reverse this decrease. Nev-
ertheless, adiponectin was still associated with restoration of mitochondrial membrane
potential. This may indicate that the protective effect of adiponectin does not require
normalization of all ammonia-responsive metabolic genes, but may instead involve sta-
bilization of mitochondrial membrane dynamics and reduction in oxidative stress [55].
Taken together, our findings suggest that adiponectin may exert protective effects in HE
through the potential modulation of systemic inflammation, the expression of endothelial
barrier proteins, oxidative stress responses, and associative endothelial transcriptomic
profiles. These observations support the potential relevance of adiponectin signaling in the
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regulation of BBB dysfunction under hyperammonemic conditions. Further mechanistic
studies, including targeted gain- and loss-of-function approaches, will be necessary to
define the specific molecular pathways that mediate these effects more precisely.

4. Materials and Methods
4.1. Experimental Animals and Study Design

Male C57BL/6J mice, aged 12 weeks, were used in this study. All animals were
maintained under controlled environmental conditions with a standard 12 h light/dark
cycle and provided ad libitum access to food and water. All experimental procedures
involving animals were approved by the Institutional Animal Care and Use Committee
of Chonnam National University (Protocol No. CNU IACUC-H-2025-67) and conducted
following the “96 Guidance for Animal Experiments.” Hepatic injury was induced in mice
via BDL surgery. The mice were randomly divided into three experimental groups (n = 3 per
group). (1) sham-operated control group, (2) BDL group treated with vehicle (saline), and
(3) BDL group treated with adiponectin. Following a recovery period, the therapeutic effects
of adiponectin were evaluated. Drug administration began on day 5 post-surgery. Mice in
the treatment group received intraperitoneal (i.p.) injections of adiponectin at a dose of
10 µg/kg once daily for 6 consecutive days. The sham control group received an equivalent
volume of saline. Throughout the experimental period, physiological parameters, including
body weight and blood glucose levels, were monitored to assess the general health and
metabolic status of the animals. On day 11 post-surgery, all animals were anesthetized
with isoflurane for tissue collection. Blood samples were obtained, while brain tissues were
rapidly dissected. Specific brain regions, including the cortex, hippocampus, and striatum,
were isolated on ice for subsequent molecular analyses, such as quantitative real-time
polymerase chain reaction (qRT-PCR) and Western blot analysis.

4.2. Bile Duct Ligation Surgery

Male wild-type C57BL/6J mice, aged 12 weeks, were purchased from Koatech (Koat-
ech, Pyeongtaek, Republic of Korea). Housing conditions were as described in Section 2.1.
All animals were maintained under controlled conditions with a 16 h light/8 h dark cycle,
an ambient temperature of 23 ◦C, and 60 ± 10% relative humidity, with ad libitum access
to standard chow and water. To establish the hepatic encephalopathy (HE) model, mice
were randomly assigned to the sham-operated group or the BDL group. Anesthesia was
induced via intraperitoneal injection of 2,2,2-tribromoethanol/2-methyl-2-butanol (avertin;
0.2 mg/g body weight; Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the BDL proce-
dure was performed using 5-0 silk sutures under maintenance anesthesia with 1.5–2.0%
isoflurane delivered in an air–oxygen mixture. BDL surgery mouse technique is a common
mouse model for studying HE [21,56]. In sham-operated mice, the bile duct was exposed
but not ligated. All experimental analyses were conducted on day 11 post-surgery.

4.3. Cloning of the Adiponectin (ADIPOQ) Gene

The Adipoq gene was amplified using polymerase chain reaction (PCR) with a
mouse complementary DNA (cDNA) library as a template and the following primers:
5′-GCGCGGATCCGAAGATGACGTTACTACAAC-3′ (forward, BamHI site underlined)
and 5′-GAATTCCTCGAGTTATCAGTTGGTATCATGGTAGAGAAG-3′ (reverse, XhoI site
underlined). The PCR product was digested with BamHI and XhoI and ligated into the
pHIS2 vector, encoding an N-terminal His6-tagged adiponectin construct. The recombi-
nant plasmid was transformed into Escherichia coli XL1-Blue for propagation and sequence
verification, and subsequently into E. coli BL21 (DE3) codon plus for protein expression.
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4.4. Overexpression and Purification of the Adiponectin (ADIPOQ)

E. coli BL21 (DE3) cells harboring the recombinant plasmid were cultured in 1 L
of LB medium at 37 ◦C until the optical density at 600 nm reached approximately 0.3.
Subsequently, the culture was cooled to 25 ◦C and incubated for 1 h. Protein expression
was induced by adding 0.1 mM isopropyl β-D-1-thiogalactopyranoside and incubating
overnight at 25 ◦C. Cells were collected by centrifugation and resuspended in 50 mM
Tris-HCl buffer (pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride. Cells were
lysed through sonication, while insoluble debris was removed via centrifugation. The
clarified supernatant was loaded onto a Ni-NTA affinity column and eluted using a linear
imidazole gradient (10–500 mM). Fractions containing ADIPOQ were pooled and further
purified using anion-exchange chromatography on a Q HP column pre-equilibrated with
50 mM Tris-HCl buffer (pH 8.0) and a linear NaCl gradient (0–1 M). Protein purity was
assessed using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE),
while protein concentration was determined at 280 nm using a molar extinction coefficient
of 33,350 M−1·cm−1 [57].

4.5. Brain Endothelial Cell Culture

The mouse bEnd.3 cell line was obtained from the American Type Culture Collection
bEnd.3 (CRL-2299™, ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; high glucose, L-glutamine; ATCC, Manassas, VA, USA)
supplemented with 10% fetal bovine serum (FBS; Millipore, Burlington, MA, USA), peni-
cillin (100 U/mL), streptomycin (100 µg/mL), and sodium pyruvate (1 mM; Thermo Fisher
Scientific, Waltham, MA, USA) at 37 ◦C in a humidified atmosphere with 5% CO2. Cells
were seeded at specific densities depending on the experimental assay and culture plate for-
mat (e.g., 2 × 104 to 6 × 104 cells/well in 24-well plates, and 1 × 104 to 2 × 104 cells/well in
96-well plates). Detailed seeding numbers for each specific assay are explicitly described in
the respective methodological subsections below. The culture medium was replaced every
2 days. For adiponectin pretreatment, cells were incubated with recombinant adiponectin
(10 µg/mL), a concentration selected based on its ability to elicit protective cellular re-
sponses without inducing observable cytotoxic effects under the present experimental
conditions, for 4 h before exposure to ammonium chloride. Hyperammonemic stress was
induced by treating cells with ammonium chloride (NH4Cl; Catalog A9434, Sigma-Aldrich,
St. Louis, MO, USA) at a final concentration of 10 mM for 24 h.

4.6. Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from the cortex, hippocampus, and striatum of C57BL/6J
mice using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA)
following the instructions of the manufacturer. RNA concentration and purity were as-
sessed using a NanoDrop spectrophotometer (IMPLEN, Westlake Village, CA, USA). Total
RNA was reverse-transcribed into cDNA using random hexamer primers and RevertAid
Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Messenger RNA
(mRNA) expression levels were measured using qRT-PCR with TOPreal™ SYBR Green
qPCR High-ROX PreMIX (RT510M, Enzynomics, Daejeon, Republic of Korea) on a StepOne-
Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Relative gene
expression was calculated using the comparative Ct (2−∆∆Ct) method and normalized
to Gapdh expression. Supplementary Table S1 presents all primer sequences used in
this study.
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4.7. Western Blot Analysis

Mouse brain tissues (cortex, hippocampus, and striatum) and bEnd.3 cells were lysed
in ice-cold RIPA buffer (Biosesang, Seoul, Republic of Korea) supplemented with Xpert
Protease Inhibitor Cocktail Solution (100×; P3100-001, GenDEPOT, Katy, TX, USA) and
Xpert Phosphatase Inhibitor Cocktail Solution (100×; P3200-001, GenDEPOT, Katy, TX,
USA). Lysates were incubated on ice for 15 min, followed by centrifugation at 14,000× g
for 20 min at 4 ◦C to collect the supernatant. Protein concentrations were determined
using the Pierce BCA Protein Assay Kit (#23227, Thermo Fisher Scientific, Waltham, MA,
USA). Equal amounts of protein (30 µg per sample) were resolved using 10–12% SDS–
PAGE and transferred onto polyvinylidene difluoride membranes (IPVH08100, Merck
Millipore, Burlington, MA, USA) pre-activated with absolute methanol (CAS No. 67-56-1,
Merck, Darmstadt, Germany). Membranes were blocked in Tris-buffered saline containing
0.1% Tween 20 (TBS-T) supplemented with 5% bovine serum albumin (BSA; A0100-010,
GenDEPOT) for 1 h at room temperature and incubated overnight at 4 ◦C with specific
primary antibodies (1:1000 dilution) prepared in TBS-T containing 5% BSA. Subsequently,
membranes were washed three times with TBS-T and incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (1:5000 dilution) for 2 h at room temperature.
Protein bands were detected using Immobilon Western Chemiluminescent HRP Substrate
(WBKLS0500, Millipore) and imaged with the Fusion Solo Imaging System (Vilber Lour-
mat, Collégien, France). Band intensities were quantified using ImageJ (version 1.54d;
National Institutes of Health, Bethesda, MD, USA) and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, sc-32233, Santa Cruz Biotechnolohy, Dallas, TX, USA)
as the loading control. The primary antibodies used were anti-claudin-5 (ab15106, Abcam,
Cambridge, UK), anti-postsynaptic density 95 (PSD95, 3409s, Cell Signaling Technology,
Danvers, MA, USA).

4.8. Cytokine Level Detection

To evaluate cytokine secretion from bEnd.3 cells, conditioned media were collected
from the ammonia-treated and adiponectin + ammonia-treated groups and centrifuged
to remove cellular debris. To measure circulating cytokine levels in BDL mice, blood
samples were collected from the BDL and BDL + adiponectin groups, allowed to clot for
30 min at room temperature, and centrifuged at 2000× g for 10 min at 4 ◦C to obtain serum.
Conditioned media and serum samples were analyzed using the Proteome Profiler Mouse
Cytokine Array Kit (Panel A; ARY006, R&D Systems, Minneapolis, MN, USA) following
the instructions of the manufacturer. Array membranes were blocked with Array Buffer
6 for 1 h at room temperature and incubated overnight at 4 ◦C with the sample mixture
(supernatant or serum diluted in Array Buffer 4). After washing, the membranes were
incubated with a biotinylated detection antibody cocktail diluted in Array Buffer 4/6 for
1 h at room temperature, followed by incubation with streptavidin–HRP solution (1×) for
30 min at room temperature. Chemiluminescent signals were detected using the Chemi
Reagent Mix provided in the kit and imaged with the Fusion Solo imaging System (Vilber
Lourmat, Collégien, France). Spot pixel intensities were measured using ImageJ (version
1.54d; National Institutes of Health, Bethesda, MD, USA) and normalized to the reference
control spots for comparative analysis.

4.9. Immunocytochemical Analysis

bEnd.3 cells were seeded at a density of 1 × 104 cells per well onto poly-L-lysine-coated
coverslips in culture plates. After treatment, cells were fixed with 2% paraformaldehyde
diluted in phosphate-buffered saline (PBS) for 15 min at room temperature. Following
fixation, cells were washed three times with PBS and incubated overnight at 4 ◦C with
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primary antibodies diluted 1:200 in GDB buffer (0.1% gelatin, 0.3% Triton X-100, 16 mM
sodium phosphate, 450 mM NaCl, pH 7.4). The following day, cells were washed three
times with PBS and incubated with fluorophore-conjugated secondary antibodies diluted
1:200 in GDB buffer for 1 h at room temperature in the dark. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) using a DAPI-containing mounting medium.
Images were acquired using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen,
Germany), while fluorescence intensities were quantified using ImageJ (version 1.54d;
National Institutes of Health, Bethesda, MD, USA). The primary antibodies used included
anti-claudin 5 (ab15106, Abcam, Cambridge, UK) and anti-occludin (sc-133256, Santa Cruz
Biotechnology, Dallas, TX, USA). Secondary antibodies were Alexa Fluor 488-conjugated
goat anti-rabbit IgG (A-11008, Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA).

4.10. Reactive Oxygen Species Generation Analysis

Intracellular ROS production in bEnd.3 cells were assessed using 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA; #35845, Sigma-Aldrich, St. Louis, MO,
USA). For fluorescence imaging, cells were seeded in 24-well plates at 2 × 104 cells/well.
For quantitative measurements, cells were seeded in 96-well plates at 1 × 104 cells/well. A
10 mM DCFH-DA stock solution was prepared in dimethyl sulfoxide (DMSO) and diluted
in serum-free culture medium to a final concentration of 10 µM. After treatment, cells were
washed once with PBS and incubated with DCFH-DA working solution (1 mL/well for
24-well plates; 100 µL/well for 96-well plates) at 37 ◦C for 30 min in the dark. Following
two additional PBS washes, fluorescent images were acquired using a Zeiss Axio Ob-
server fluorescence microscope (Carl Zeiss, Oberkochen, Germany) for qualitative analysis,
while fluorescence intensity was quantified using a microplate reader (excitation: 485 nm;
emission: 535 nm). Fluorescence results were expressed as fold change relative to the
control group.

4.11. Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential (∆Ψm) in bEnd.3 cells was assessed using the JC-1
mitochondrial membrane potential assay kit (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolocarbocyanine iodide; ab113850, Abcam, Cambridge, UK). For
fluorescence imaging, cells were seeded in 24-well plates at 6 × 104 cells/well. For quantita-
tive analysis, cells were seeded in 96-well plates at 2 × 104 cells/well. Cells were assigned
to experimental groups (control, ammonia, adiponectin, and ammonia + adiponectin) and
treated under the specified conditions. JC-1 staining solution was prepared by diluting the
1 mM JC-1 stock solution in DMSO to a final concentration of 1 µM in serum-free culture
medium. After treatment, cells were incubated with JC-1 working solution (500 µL/well
for 24-well plates; 100 µL/well for 96-well plates) at 37 ◦C for 20 min in the dark. Fol-
lowing incubation, cells were washed twice with the JC-1 dilution buffer provided in
the kit. Fluorescence was measured at excitation/emission wavelengths of 540/590 nm
for red fluorescence (J-aggregates, indicating high ∆Ψm) and 485/530 nm for green fluo-
rescence (J-monomers, indicating low ∆Ψm). ∆Ψm was calculated as the ratio of red to
green fluorescence intensity. Fluorescence intensity was measured using a SpectraMax
M3 microplate reader (Molecular Devices, San Jose, CA, USA). Fluorescence images were
acquired using a Nikon Eclipse Ts2 fluorescence microscope (Nikon Corporation, Tokyo,
Japan) and analyzed using ImageJ (version 1.54g; National Institutes of Health, Bethesda,
MD, USA). Data were normalized to the control group and expressed as relative ∆Ψm.

4.12. RNA Sequencing and Functional Analysis of Changed Genes

Total RNA was extracted from brain endothelial cells both in the ammonia group and
adiponectin +ammonia group using TRIzol Reagent (Takara, Nojihigashi, Japan) following
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the manufacturer’s protocol. Genomic DNA contamination was removed through DNase I
treatment (Takara, Nojihigashi, Japan). RNA integrity and quality were assessed using the
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA sequencing libraries
were prepared using TruSeq Stranded Total RNA Kit (Illumina, San Diego, CA, USA) and
sequenced on the NovaSeq 6000 System (Illumina, San Diego, CA, USA). Raw sequence
reads were quality-filtered and trimmed using Trimmomatic [58], and the processed reads
were aligned to the mouse reference genome (mm10) using the STAR aligner 2.7.11b [59].
Gene expression levels were quantified as fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) using Cuffnorm with GENCODE annotation (Release M23,
GRCm38.p6) [60]. For subsequent analyses, genes with average FPKM values < 1 across all
samples or equal to 0 in any sample were excluded to ensure data reliability. Differential
expression between ammonia-treated and adiponectin + ammonia-treated brain endothe-
lial cells was assessed using Student’s t-test, with p < 0.05 considered significant. This
criterion identified 800 upregulated and downregulated differentially expressed genes,
which were analyzed for functional pathways using Gene Ontology (GO) enrichment
through the Molecular Signatures Database (MSigDB v7.5.1) [61]. Pathway enrichment
was further examined using the WikiPathways 2024 Mouse gene set library via the En-
richr web tool (https://maayanlab.cloud/Enrichr/, accessed on 1 January 2026) [62,63].
The top 20 upregulated and downregulated genes with p < 0.05 were selected based on
fold-change values. For the most significantly altered genes in brain endothelial cells
following adiponectin treatment, a protein interaction network was constructed using
the top 20 genes ranked by fold changes with p <0.05. Network analysis was conducted
with the GeneMANIA plugin [64] (http://www.genemania.org/plugin/, accessed on
1 January 2026) in Cytoscape [65] (version 3.9.1), enabling visualization of functional re-
lationships among the differentially expressed genes. Databases and web tools (MSigDB,
WikiPathways, GeneMANIA, and Enrichr) were accessed for retrieval and analysis between
[December 2025] and [January 2026].

4.13. Functional Enrichment and Network Analysis

To elucidate the molecular mechanisms underlying the protective effects of adiponectin,
we performed a comprehensive bioinformatics analysis on the differentially expressed
genes (DEGs). First, Gene Set Enrichment Analysis (GSEA) was conducted to identify
biological pathways that were significantly modulated. Genes were ranked based on a
metric combining statistical significance and magnitude of change. Enrichment scores were
calculated for key gene sets related to oxidative stress response, neuroinflammation, and
BBB integrity to assess the global upregulation or downregulation of these functional cate-
gories. To visualize the systemic connectivity between DEGs and their associated biological
processes, a gene-pathway interaction network was constructed using NetworkX 3.6.1
versionand Matplotlib 3.10 x version in Python. High-ranking DEGs were mapped to their
functional annotations, including Wnt/Notch signaling, innate immunity, and cytoskeletal
organization. In the resulting network, nodes represented individual genes and pathway
terms, while edges indicated functional associations. This topological analysis was used to
identify hub pathways that bridge metabolic regulation and neuroprotection.

4.14. Prediction of Upstream Regulators

To identify potential master regulators driving the observed transcriptomic changes,
we performed an upstream regulator prediction analysis. Transcription factors (TFs) were
inferred by analyzing the enrichment of their known target genes within the DEG list.
Specifically, we focused on TFs relevant to cellular stress responses, such as Nrf2 (Nfe2l2),
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NF-κB, and FoxO, to validate whether the adiponectin-mediated protective effects are
regulated through these signaling cascades.

4.15. Statistical Analysis

Data are presented as mean ± SEM. To ensure clarity regarding sample sizes, for
in vitro experiments, n represents exactly three independent biological replicates (distinct
experimental preparations, rather than technical replicates). For in vivo experiments, n
represents exactly three independent individual mice per group. Owing to the small sample
size (n = 3 per group), formal tests of normality were considered underpowered and were
interpreted cautiously.

For multi-group comparisons, such as the four-group in vitro experiments, statistical
significance was assessed using a one-way analysis of variance (ANOVA) followed by
Tukey’s multiple-comparisons test. Comparisons between two independent groups, such
as the in vivo BDL versus BDL + A groups, were performed using an unpaired two-tailed
Student’s t-test, with Welch’s correction applied when variances were unequal. Exact
p-values are provided in the respective figure legends where possible. A p value < 0.05 was
considered statistically significant.

5. Limitations of the Study
Despite the promising findings of this study, several limitations should be acknowl-

edged. First, there was an important difference in experimental design between the in vitro
and in vivo models. In the cell-based experiments, adiponectin was administered as a
pretreatment before NH4Cl exposure, whereas in the animal model, adiponectin was ad-
ministered after HE induction as a therapeutic intervention. Therefore, the in vitro findings
primarily reflect a preventive paradigm, while the in vivo findings reflect a treatment
paradigm. Because these two experimental settings are not directly equivalent, caution
is required when interpreting mechanistic continuity and translational relevance across
models. Future studies should directly compare prophylactic and therapeutic administra-
tion strategies in both in vitro and in vivo settings to clarify the timing-dependent effects
of adiponectin more rigorously.

Second, the relatively small sample size in the in vivo experiments (n = 3 per group)
may limit statistical robustness and reduce the generalizability of the observed effects.
Although the results were consistent across the measured endpoints, additional studies
with larger cohorts will be necessary to confirm the reproducibility and precision of these
findings. Furthermore, our evaluation of blood–brain barrier (BBB) preservation relied
primarily on surrogate molecular markers, such as the expression of tight junction proteins
(e.g., claudin-5 and occludin). Without direct functional permeability assays, such as Evans
blue or fluorescent dextran leakage, claims regarding the physical integrity of the barrier
remain to be functionally validated in future studies.

Third, the bile duct ligation (BDL) model utilized in this study induces a broad
cholestatic injury encompassing multiple systemic alterations, including severe inflamma-
tion and metabolic disturbances, rather than isolated hyperammonemia. As we did not
directly measure blood ammonia levels or core liver injury parameters (e.g., ALT, AST,
bilirubin), the observed neuroprotective effects should be interpreted cautiously as a re-
sponse to generalized hepatic failure rather than solely ammonia-induced toxicity. Fourth,
regarding our methodological approach, the use of E. coli-derived recombinant adiponectin
without a definitive endotoxin exclusion test (e.g., LAL assay) poses a constraint, although
the overall reduction in pro-inflammatory cytokines in vivo strongly suggests that en-
dotoxin interference was not the primary driver of our results. Additionally, while the
cytokine array provided valuable insights, it serves as a semi-quantitative screening tool
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that warrants future validation via ELISA. In addition, several pharmacokinetic and phar-
macodynamic barriers must be addressed before clinical translation. The large molecular
weight of exogenous adiponectin may limit its ability to cross the intact blood–brain barrier
efficiently, posing a challenge for systemic administration in central nervous system dis-
orders. Therefore, small-molecule AdipoR agonists (e.g., AdipoRon) or targeted delivery
approaches may represent more feasible therapeutic strategies. Furthermore, the optimal
therapeutic window, dosing schedule, and treatment duration remain to be determined,
particularly because sustained receptor activation may be required to support endothelial
barrier function under chronic pathological conditions such as HE.

Finally, our mechanistic insights, including transcriptomic pathway predictions
(e.g., Nrf2 and NF-κB modulation) and potential glymphatic function improvements, rely
on associative molecular data and remain largely hypothetical. Future studies should there-
fore assess glymphatic clearance-related markers, such as astrocytic aquaporin-4 (AQP4)
polarization, perform direct causal validations of the predicted signaling pathways, and
further investigate the kinetics of AdipoR1/2-mediated downstream signaling as well as
specific microRNA targets to better define the therapeutic mechanisms involved.

6. Conclusions
In conclusion, our study demonstrates that adiponectin exerts neuroprotective effects

by mitigating oxidative stress and preserving BBB-associated tight junction protein in
models of hepatic encephalopathy. The pleiotropic mechanisms underlying this protection
encompass: (1) reduction in systemic pro-inflammatory cytokines, (2) stabilization of
tight junction markers, (3) suppression of mitochondrial ROS through modulation of
CYP enzymes and SOD1, and (4) transcriptomic modulating that upregulates protective
microRNAs while suppressing aberrant endothelial signaling pathways.

Collectively, adiponectin is associated with a dual molecular response: it suggests the
attenuation of detrimental purinergic signaling associated with inflammation [66], while
simultaneously highlighting the potential engagement of adaptive GPCR-mediated path-
ways involved in cellular defense [67,68]. This protective mechanism potentially involves
predicted upstream regulators, including the Nrf2-mediated antioxidant response coupled
with the suppression of NF-κB-dependent inflammatory cascades. By delineating these
central hub genes and transcription factors, our study provides a robust molecular foun-
dation for adiponectin-based therapeutic strategies, highlighting its potential to support
neurovascular unit stability and cognitive function in patients with chronic liver failure.
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Abbreviations

A Ammonia (treatment group in vitro)
AA Adiponectin + ammonia (treatment group in vitro)
ADIPOQ Adiponectin gene
ATP Adenosine triphosphate
BBB Blood–brain barrier
BDL Bile duct ligation
BSA Bovine serum albumin
Ccl C-C motif chemokine ligand
Ccr C-C motif chemokine receptor
cDNA Complementary DNA
CNS Central nervous system
Cox7a1 Cytochrome c oxidase subunit 7A1
Csrnp1 Cysteine-serine-rich nuclear protein 1 (also known as AXUD1)
Ctr Control group
DAPI 4′,6-diamidino-2-phenylindole
DCFH-DA/DCF-DA 2′,7′-dichlorodihydrofluorescein diacetate
DEGs Differentially expressed genes
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
FBS Fetal bovine serum
FoxO Forkhead box O
FPKM Fragments per kilobase of transcript per million mapped reads
GO Gene Ontology
GPCR G protein–coupled receptor
GSEA Gene set enrichment analysis
Gstm1 Glutathione S-transferase mu 1
HE Hepatic encephalopathy
HRP Horseradish peroxidase
IL-6 Interleukin-6
IL-10 Interleukin-10
i.p. Intraperitoneal
JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine iodide
MCP-1 Monocyte chemoattractant protein-1
miR/Mir microRNA (e.g., miR-106b, Mir7063, etc.)
mRNA Messenger RNA
NH4Cl Ammonium chloride
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NLRP3 NLR family pyrin domain containing 3 (inflammasome)
Nrf2 (Nfe2l2) Nuclear factor erythroid 2-related factor 2
NF-κB Nuclear Factor kappa B
PBS Phosphate-buffered saline
PCA Principal component analysis
PCR Polymerase chain reaction
PPI Protein–protein interaction
PSD95/PSD-95 Postsynaptic density protein 95
qRT-PCR Quantitative real-time polymerase chain reaction
RNA-seq RNA sequencing
ROS Reactive oxygen species
SDF-1 Stromal cell-derived factor-1
SEM Standard error of the mean
Siah2 Siah E3 ubiquitin protein ligase 2
Sod1 Superoxide dismutase 1
TBS-T Tris-buffered saline with Tween 20
TNF-α Tumor necrosis factor-alpha
Txndc15 Thioredoxin domain containing 15
∆Ψm Mitochondrial membrane potential
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