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Background: The liver’s regenerative capacity allows it to repair itself after injury. Extracellular vesicles and particles (EVPs) in the
liver’s interstitial space are crucial for signal transduction, metabolism, and immune regulation. Understanding the role and mechanism
of liver-derived EVPs in regeneration is significant, particularly after partial hepatectomy, where the mechanisms remain unclear.
Methods: A 70% hepatectomy model was established in mice, and EVPs were isolated and characterized using electron microscopy,
nanocharacterization, and Western blot analysis. Combined metabolomic and transcriptomic analyses revealed B-sitosterol enrichment
in EVPs and activation of the Hedgehog signaling pathway during regeneration. The role of f-sitosterol in EVPs on the Hedgehog
pathway and its targets were identified using qRT-PCR, Western blot analysis. The regulation of carnitine synthesis by this pathway
was determined using a dual luciferase assay. The effect of a B-sitosterol diet on liver regeneration was verified in mice.

Results: After 70% hepatectomy, the liver successfully regenerated without liver failure or death. At 24 hours post-surgery, tissue
staining showed transient regeneration-associated steatosis (TRAS), with increased Ki67 positivity at 48 hours. EVPs displayed
a spherical lipid bilayer structure with particle sizes of 70—130 nm. CD9, CD63, and CD81 in liver-derived EVPs were confirmed.
Transcriptomic and metabolomic analyses showed EVPs supplementation significantly promoted carnitine synthesis and fatty acid
oxidation. Tissue staining confirmed accelerated TRAS resolution and enhanced liver regeneration with EVP supplementation. Mass
spectrometry identified B-sitosterol in EVPs, which binds to Smo protein, activating the Hedgehog pathway. This led to the nuclear
transport of Gli3, stimulating Setd5 transcription and inducing carnitine synthesis, thereby accelerating fatty acid oxidation. Mice with
increased [B-sitosterol intake showed faster TRAS resolution and liver regeneration compared to controls.

Conclusion: Liver-derived EVPs promote regeneration after partial hepatectomy. B-sitosterol from EVPs accelerates fatty acid
oxidation and promotes liver regeneration by activating Hedgehog signaling pathway.
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Introduction

The liver is a key solid organ in mammals that plays an indispensable role in the digestive and immune systems.' The
liver is also unique in that it possesses the ability to repair damage and regenerate precisely to meet the body’s needs.**
However, in the presence of persistent liver damage caused by harmful factors from various sources, the regenerative
capacity often fails to prevent acute or chronic liver function failure. Liver transplantation still remains the primary
choice for treating end-stage liver disease; nevertheless, the limited donor source and rejection-related reactions after
transplantation often restrict the promotion of transplantation therapy.™® While cell therapies and other alternative
bioengineering strategies are currently available,’ the problem of insufficient cell survival and differentiation rate cannot
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still be solved.®? Furthermore, liver regeneration is not always beneficial, and the potential risk of tumorigenesis cannot
be ignored.'®'? Therefore, the development of a method that promotes normal regenerative repair of the liver is a hot
topic in the field of liver research.

Liver regeneration is initiated after partial hepatectomy due to the reduction in liver volume and loss of hepatocytes.
Notably, no new lobes are formed during this process. At the tissue level, the volume and number of hepatic lobules
formed by the proliferation of various cell types in the postoperative residual liver tissues continue to increase. At the
molecular level, signaling pathways mediated by cytokines, chemokines, enzyme-linked/G protein-coupled receptors,
integrins and environmental stress exhibit interrelated regulatory effects.'*'* These pathways intertwine to form
a complex regulatory network that maintains the homeostasis of the hepatic microenvironment.'?

Tissue-derived extracellular vesicles and particles (EVPs) encapsulate a wide range of proteins, nucleic acid
molecules, and metabolites and mediate a variety of intercellular information exchange processes.'®'® EVPs have
attracted much attention owing to their unique physical, chemical, and biological properties, as well as their good
application prospects in the diagnosis, treatment, and prognosis monitoring of various diseases. Increasingly more studies
have shown their roles in maintaining body homeostasis and regulating different pathophysiological activities.'®'**° For
instance, iron encapsulated in EV is transported from hepatocytes to hematopoietic stem cells, leading to disrupted iron
distribution in the liver. Iron-deficient hepatocytes exhibit pathological features of increased lipid synthesis and insulin
resistance via the HIF2a (hypoxia inducible factor 2a)-ATF4 (activating transcription factor 4) pathway.?' Debanjali
Dasgupta et al reported that upon activation of IRE1A (inositol-requiring enzyme 1 alpha), mouse hepatocytes release
exosomes enriched with inflammatory ceramides. These inflammatory exosomes recruit monocyte-derived macrophages
to the liver, contributing to inflammatory injury responses. Developing strategies to block these pathways could
potentially slow the progression of inflammation in patients with non-alcoholic fatty liver disease, thereby treating the
disease and promoting liver regeneration.”? Moreover, following partial hepatectomy, apart from the initial mechanical
signals triggered by drastic changes in intrahepatic blood flow pressure (shear stress due to portal vein blood flow
through a narrower outflow tract), various chemical signal transmissions between cells and tissues require a reliable
carrier to overcome the complex physical and chemical barriers of the internal environment.**
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The application of mesenchymal stem cells and hepatocyte-derived vesicles for liver diseases, including liver
regeneration regulation and repair, has been widely discussed. A study has demonstrated the involvement of EVPs
carrying miRNAs in the repair and regeneration processes of polytrauma and surgical invasive injuries.”* Engineered
modified EVPs have also been demonstrated to contribute to the regenerative repair of soft tissues, such as esophageal
fistulas.?® The role of naturally existing tissue-derived vesicles represents an immediate homeostatic response. A previous
study has reported the therapeutic efficacy of exogenous liver tissue vesicles using a model of carbon tetrachloride-
mediated chemical hepatic necrosis.”® EVPs have also been identified to have a protective effect during hepatic ischemia-
reperfusion injury by ameliorating local inflammation.”” However, the specific signaling mechanisms of these vesicles in
promoting regeneration and repair have not been thoroughly studied to date. Therefore, further studies investigating
EVPs in liver tissues are required to explore their therapeutic potential and functional mechanism.

The aim of this study was to reveal the regulatory mechanism of metabolites in EVPs for liver regeneration.
Accordingly, we established a regeneration model after 70% hepatectomy in mice, isolated EVPs from freshly resected
liver tissues, and then characterized their physicochemical properties, including morphology, particle size, and immune
molecular composition. Furthermore, we confirmed the biological effects of EVPs on hepatocyte uptake and regeneration
both in vivo and in vitro and also conducted time-course experiments to trace the changes that occurred during liver
regeneration with or without exogenous liver tissue-derived EVPs (LT-EVPs) supplementation. Subsequently, we
analyzed the metabolite profile in LT-EVPs and identified the role of B-sitosterol in enhancing liver regeneration by
activating Hedgehog signaling to upregulate carnitine synthesis, thereby enhancing fatty acid oxidation.

Materials and Methods

The Hepatectomy Using Mice Model

Six-week-old male C57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The
animals were placed in an animal house and kept in a standard feeding environment for more than one week prior to
preparation for liver partial resection. Animal experiments were performed in accordance with all regulations set by the
Chinese Council on Animal Care, and the study protocol was approved by Experimental Animal Welfare Ethics Committee,
Zhongnan Hospital of Wuhan University (Approval NO. ZN2022032). As for the diet groups, we added B-sitosterol in the
feed for mice and controlled the intake levels to 20 mg/kg per day.*** The 6-week-old mice were initiated on this dietary
pattern after entering the animal laboratory. Partial hepatectomy was performed at 1 week later, and the same diet was
continued postoperatively. On the day of surgery, after the mice were anesthetized with isoflurane gas, a transverse incision
was made under the xiphoid process to open the abdominal cavity and extrude the resection part of the liver. The root of the
liver lobe was ligated with saline-soaked 50 braided thread, and the liver lobe and excess thread were removed after
confirming the tightness of the knot. Following the removal of the middle lobe and left bipartite lobe, the abdominal cavity
was closed and sutured. The procedure for the sham operation group involved opening the abdominal cavity, dissociating
the hepatic round ligament, and then closing the abdomen. EVPs (20 pg of EVPs protein per gram of body weight) were
injected through the tail veins of mice, while the control group received an injection of the same volume of PBS. Animals
were sacrificed at different time points postoperatively according to each group’s time point requirements (24 h, 48 h, and
72 h). The set number of mice at each time point was 3. The weight of the regenerated liver was measured and recorded in
each group. The livers were partially frozen and partially fixed in paraformaldehyde.

The Biochemical Examination of Mice Serum

Blood was obtained from mice via apical puncture and was cooled on ice. Plasma was extracted after centrifugation at
500 g per minute for 10 min at room temperature (25°C). Plasma biochemical parameters were measured using an
automatic biochemical analyzer (BK-280, Shandong Broco, China).

Tissue Histological Analysis
For immunohistochemistry, the tissues were fixed, embedded, and sectioned. Xylene and ethanol were used to depar-
affinize and rehydrate the paraffin-embedded tissues. For antigen retrieval, slides were steamed for 15 minutes in Tris-
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ethylenediaminetetraacetic acid (EDTA) buffer (pH 9.0; Abcam, Cambridge, MA, USA). Then, slides were incubated in
0.3% H202-methanol (Aladdin, Shanghai, China) for 10 minutes. Slides were blocked with 4% donkey serum in Tris-
buffered saline with Tween 20 (TBST) for 1 hour. Subsequently, slides were incubated with the primary antibody
overnight at 4°C, followed by incubation with the biotinylated secondary antibody for 60 minutes. Slides were then
incubated for 30 minutes with VECTASTAIN Elite ABC Reagent (Vector Labs, Burlingame, CA, USA) and reacted with
the peroxidase substrate solution 3.3'-diaminobenzidine (DAB, Vector Labs) until the desired stain intensity developed.
The dehydrated slides (processed through 70% ethanol-xylene substitute) were air-dried and mounted with neutral tree
gum (Solaibao, Beijing, China). For Oil Red, tissue samples were fixed in 4% paraformaldehyde for 24—48 hours at room
temperature and washed in phosphate-buffered saline (PBS) to remove excess fixative. Fixed tissues were embedded in
OCT compound, frozen at —20°C, cut into 10 pum thick sections using a cryostat, and mounted on glass slides. For
staining, slides were first dehydrated in 60% isopropanol for 5 minutes, then immersed in an Oil Red O working solution
(prepared by diluting a 0.5% Oil Red O stock solution in isopropanol with distilled water at a 3:2 ratio and filtering
before use) for 10-15 minutes at room temperature. After staining, slides were briefly rinsed in 60% isopropanol to
remove excess stain, then counterstained with hematoxylin for 1-2 minutes. Slides were rinsed in running tap water for 5
minutes to remove excess hematoxylin, then mounted with an aqueous mounting medium to avoid dissolving the Oil Red
O stain. Stained sections were examined under a light microscope, where lipid droplets appeared red and nuclei were
stained blue. For Nile Red, tissue was washed in 1 x PBS prior to staining with Nile Red solution (7385—-67-3, Solarbio,
Beijing, China) diluted 1:100 with PBS for 20 min in the dark. Samples were then washed twice with PBS, and stained
with DAPI. Images were acquired by IF microscopy.

For histological analysis, areas of interest were selected from 6 to 10 randomly chosen microscopic fields (x20 and
x63 magnification) per mouse (distributed over three non-consecutive tissue sections) or per well of the cell culture
chamber. The analysis was performed using ImagelJ software (version 1.47v; NIH, Bethesda, MD).

Western Blotting Analysis

Briefly, total proteins were extracted using Radioimmunoprecipitation assay (RIPA) buffer (Beyotime Biotechnology,
Shanghai, China). The total protein concentrations in the supernatants were quantified using the Bicinchoninic Acid
(BCA) protein assay (Beyotime Biotechnology). Proteins were then separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using gels of varying concentrations (10%, 12.5%, and 15%) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1-2
hours with 5% nonfat dry milk (Biosharp, Hefei, Anhui, China) and then incubated with the various primary antibodies
overnight at 4°C. Subsequently, the membranes were incubated with the appropriate secondary antibodies. Protein bands
were detected using an enhanced chemiluminescence (ECL) detection reagent (GE Healthcare, Amersham,

Buckinghamshire, UK). All antibodies used in this study are listed in the Supplementary Materials.

RNA Extraction, Quantitative Real-time Polymerase Chain Reaction (qQRT-PCR) and
RNA-Seq

Total RNA was extracted from cells or tissue samples using the TRIzol, following the manufacturer’s protocol. The
concentration and purity of the extracted RNA were assessed using a Nanodrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA).

For quantitative real-time polymerase chain reaction (QRT-PCR), 1 pg of total RNA was reverse transcribed into
cDNA using the HiScript II Q RT SuperMix (Vazyme, Nanjing, Jiangsu, China) according to the manufacturer’s
instructions. qRT-PCR was performed using the 2x ChamQ Universal SYBR qPCR Master Mix (Vazyme). The qRT-
PCR conditions were set as follows: initial denaturation at 95°C for 40s, followed by 40 cycles of denaturation at 95°C
for 10s, annealing at 57°C for 25s, and extension at 72°C for 20s. Relative gene expression levels were calculated using

the 2°(-AACt) method. The primers used for the target genes and reference gene are listed in Supplementary Materials.

8120 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=465346.pdf
https://www.dovepress.com/get_supplementary_file.php?f=465346.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove Gongye et al

For sequencing, the amplified PCR products were purified and sequenced by Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA). Differentially expressed genes (DEGs) were defined as genes with a P value <0.05 and
an absolute log2 (fold change) > 1.

Liquid Chromatography-Mass Spectrometry (LC/MS) and Untargeted Metabolomics
The samples were separated using an ACQUITY UPLC® HSS T3 column (2.1 x 100 mm, 1.8 pm; Waters, Milford, MA,
USA). The column temperature was set to 25°C, with a flow rate of 0.3 mL/min and an injection volume of 2 uL. The
mobile phase composition was: A - water with 25 mmol/L ammonium acetate and 25 mmol/L ammonia; B - acetonitrile.
The gradient elution program was as follows: 0—1 min, 95% B; 1-14 min, B linearly changed from 95% to 65%; 14—16
min, B linearly changed from 65% to 40%; 16—18 min, B maintained at 40%; 18—18.1 min, B linearly changed from 40%
to 95%; and 18.1-23 min, B maintained at 95%.

Briefly, buffer S1 nuclease (Takara Biotechnology, Dalian, Liaoning, China), alkaline phosphatase (Takara
Biotechnology), and phosphodiesterase I (Sigma-Aldrich) were added to 1 pg of RNA. The mixture was incubated at
37°C until the RNA was completely digested into nucleosides. The mixture was then extracted with chloroform (Sigma-
Aldrich), and the resulting aqueous layer was collected for analysis using LC-MS/MS.

The sample extracts were analyzed using an Ultra Performance Liquid Chromatography (UPLC)-MS/MS system
(UPLC, ExionLC™ AD, Applied Biosystems 6500 Triple Quadrupole; Foster City, CA, USA). The analytical conditions
were as follows: LC Column: Waters ACQUITY UPLC HSS T3 C18 (1.8 um; Waters, Milford, MA, USA); Solvent
System: Water (2 mmol/L NH4HCO3): methanol (2 mmol/L NH4HCO3); Gradient Program: 95:5 V/V at 0 min, 95:5 V/
Vat 1 min, 5:95 V/V at 9 min, 5:95 V/V at 11 min, 95:5 V/V at 11.1 min, 95:5 V/V at 14 min; Flow Rate: 0.30 mL/min;
Temperature: 40°C; Injection Volume: 10 pL.

The effluent was alternatively connected to an electrospray ionization-triple quadrupole-linear ion trap. A specific set
of multiple reaction monitoring transitions was monitored for each period according to the metabolites eluted within this
period.

Cell Culture and Proliferation

As a normal mouse liver cell line, NCTC-1469 is considered an excellent material for an in vitro study of mouse liver.*°
The NCTC-1469 mouse normal liver cell line and its complete medium were purchased from Procell Inc (Wuhan). Cell
culture conditions were as follows: 37°C with 5% CO?2.

CCKS8 Cell Proliferation: Cells added PBS or EVPs (active protein concentration 50 ug/mL) for 24 hours were
reseeded into 96-well plates at a density of 20 cells/uL, with each well containing 100 pL of cell suspension (totaling
2000 cells per well). A blank control group was also prepared by adding 100 pL of cell-free medium to specific wells to
eliminate any medium effects on the results. Additionally, 100 puL of PBS was added to the outermost wells of the 96-
well plate, and the plate was placed closest to the water pan in the CO, incubator to prevent liquid evaporation from
affecting the experiment. After allowing the cells to adhere for 5-6 hours, 10 pL. of CCK8 reagent was added to each
well, and the plate was gently tapped to mix the reagent. The plate was incubated in the CO, incubator for 1 hour, after
which the absorbance at 450 nm was measured using a microplate reader. To prevent air bubbles from affecting the
absorbance readings, any bubbles in the wells were carefully punctured with a syringe needle before measurement.
Absorbance measurements were taken every 24 hours. The absorbance difference between the experimental and blank
control wells was used to construct a time-course line graph.

EdU immunofluorescence: After inoculating the cells with cell-crawling tablets, the cells were fixed with 4%
paraformaldehyde for 30 min, permeabilized with 0.1% Triton-X100 for 10 min, and treated with 10% sheep serum at
37°C for 1 h. The cells were incubated with primary antibody at 4°C overnight, cleaned with phosphate buffer solution
(PBS) on the next day, incubated with fluorescent secondary antibody for 1 h, and subsequently re-stained with DAPI.
They were then photographed using a confocal microscope.
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EVPs Separation and Characterization

The liver tissues were processed as soon as possible after dissection to isolate the EVPs or stored in liquid nitrogen. The
livers were cut into relatively large pieces and pretreated with PBS to purify any damaged organelles or cellular debris
generated when cutting the liver tissues.”® Add 2 mL of type II collagenase solution (prepared by dissolving 100 mg of
dry powder in 10 mL MEM medium) to the tissue sample and resuspend thoroughly. Incubate the mixture in a shaking
incubator set to 37°C and 150 rpm, mixing and pipetting the solution every 10 minutes to ensure even digestion until no
large tissue fragments remain. Perform sequential gradient centrifugation at room temperature using the following
settings: 300 g for 5 minutes, 2000 g for 15 minutes, and 10000 g for 30 minutes. After each centrifugation step,
carefully decant the supernatant. Filter the supernatant through a 0.22 um pore filter to remove smaller cellular debris.
Transfer the filtrate to ultracentrifuge tubes and centrifuge at 100000 g for 2 hours. Discard the supernatant to obtain the
crude EVPs pellet. Resuspend the pellet in pre-chilled PBS and centrifuge again at 100000 g for 90 minutes. Finally,
discard the supernatant and resuspend the pellet in PBS to obtain the purified EVPs preparation. According to the MISEV
guidelines, we characterized the morphology of isolated EVPs using transmission electron microscopy (TEM). We
analyzed EVPs surface markers through automated fluorescence detection and validated these markers using Western
blotting. Additionally, we performed comprehensive characterization of EVPs by analyzing their particle size distribution
and Zeta potential distribution.

Subsequently, we added lipophilic DiR dye to the EVPs suspension at a working concentration of 10 uM. The
mixture was incubated overnight at 4°C. Subsequently, free dye was removed by ultracentrifugation at 100000 g for
1 hour, and resuspend to obtain fluorescently labeled EVPs preparations.

In Vitro EVPs Uptake Assay: Add fluorescent EVPs to the culture medium containing cell coverslips at a concentration of
4 pg/uL. Collect the cell coverslips at 4-hour and 24-hour time points, and wash with PBS to remove dead cells. Fix the cells
with paraformaldehyde and stain the nuclei. Observe and capture images using a confocal microscope.

In Vivo EVPs Uptake Assay: Inject SOuL fluorescent EVPs into mice via the tail vein. Use an in vivo imaging system
to capture the distribution of EVPs within the mice. After 48 hours, euthanize the mice and collect the heart, liver, spleen,
lungs, and kidneys. Capture images of the organ-level EVP fluorescence distribution. Finally, preserve liver tissue in
paraformaldehyde protected from light, and capture images of tissue sections to observe the distribution of EVP
fluorescence within the tissue.

Dual Luciferase Assay

One day before transfection, seed 0.5-2x10"5 cells per well in a 24-well plate with 500 pL of antibiotic-free medium,
ensuring that cell confluence reaches 30-50% at the time of transfection. The cells were divided into two groups: Group
A (control group) with an empty vector, pSetd5 (mouse)-Fluc-hRluc-Neo (firefly luciferase plasmid), and Renilla
luciferase plasmid, and Group B (experimental group) with pPECMV-Gli3-m-FLAG, pSetd5 (mouse)-Fluc-hRluc-Neo,
and Renilla luciferase plasmid. For each well, dilute the plasmids (pECMV-Gli3-m-FLAG or empty vector, pSetd5
(mouse)-Fluc-hRluc-Neo, and pRL-TK) in 50 pL of Opti-MEM reduced-serum medium to the desired concentration and
mix gently. Vortex Lipofectamine 2000 gently before use, then dilute 1 pL of Lipofectamine 2000 in 50 pL of Opti-MEM
reduced-serum medium and incubate at room temperature for 5 minutes. Combine the diluted plasmid solutions with the
diluted Lipofectamine 2000 to a total volume of 100 puL, mix gently, and incubate at room temperature for 20 minutes.
Add 100 pL of the transfection complex to each well, gently swirl the plate to ensure even distribution, and incubate the
cells in a CO2 incubator at 37°C. After 4-6 hours, replace the medium. Collect cells according to the protocol provided
by Promega’s Dual-Luciferase®™ Reporter Assay System. Measure the firefly luciferase and Renilla luciferase activities in
both experimental and control groups, using the ratio of the two to determine the transcriptional activation of the Setd5
gene by Gli3 protein.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0 and SPSS 26.0 software. Results are presented as mean +
standard deviation (SD). Differences between groups were compared using the #-test.
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Results
Liver Regeneration Was Closely Related to Fatty Acid Oxidation

A 70% hepatectomy model was first established in mice, which were fed with normal diet postoperatively. These mice
were sacrificed, and samples were obtained and weighed at 1-3 days after surgery. The liver-to-body weight ratio was
successfully restored to near normal levels over a period of time. Interestingly, significant hepatic steatosis was observed
at 24 h after liver biopsy (Figure 1A). By reviewing the literature, we identified this phenomenon as transient
regeneration-associated steatosis (TRAS), defined as a transient steatosis caused by fatty acid accumulation from the
catabolism of peripheral adipose tissues into the liver through circulation.>’ ** Hematoxylin and eosin (H&E) staining
(Figure 1A) revealed that there was no significant inflammatory infiltration and necrosis during liver regeneration.

Oil Red, Nile Red, and Ki67 staining was performed to verify the authenticity of steatosis and regeneration processes.
Based on the most significant steatosis at 24 h (Figure 1B and C) and the most significant Ki67 at 48 h (Figure 1D), we
proposed a hypothesis as to whether TRAS depletion was in response to the liver regeneration process (ie, whether
enhancing lipid combustion would fuel liver regeneration).**

To identify intrinsic molecular changes during regeneration, we chose 24 h as the main study time point and
conducted combined transcriptomic and untargeted metabolomic analysis, with the static normal liver as the control.
We found significant differences in metabolism-related genes. (p<0.05) For instance, the most significantly upregulated
gene was Atpla3 (Figure 2A), a catalytic component of active enzyme that catalyzes the hydrolysis of ATP to provide
energy.>” Therefore, we performed a gene set variation analysis (GSVA) based on metabolic pathways, with the normal
liver as the blank control, and observed a significant upregulation of DNA replication (Figure 2B), further validating liver
regeneration at the genetic level.

Differential metabolites during liver regeneration were identified through untargeted metabolomic analysis. The
corresponding functions of these differential metabolites were also analyzed by KEGG (Figure 2C) enrichment. The
48-h analysis results compared to the normal liver are presented in Supplementary Figure 1.

By analyzing the results, we concluded that metabolism and regeneration processes were inseparable, suggesting the
important role of metabolic reprogramming. The untargeted metabolomic results also indicated the significance of the
carnitine synthesis pathway (Figure 2D). Carnitine is closely related to energy metabolism in organisms and promotes
fatty acid oxidation.*® Numerous studies have confirmed that enhancing fatty acid oxidation can effectively promote liver
regeneration,>'=>*37-3?

While metabolic reprogramming is often regarded as one of the hallmark features of tumors, regenerating normal
hepatocytes also undergo metabolic reprogramming.*® A recent study has reported for the first time that alterations in
cardiomyocyte energy metabolism could regenerate the heart.*' EVs have been reported to regulate the metabolism of

lipids.*? Therefore, we set the goal of further research on the function of LT-EVPs.

Isolation and Characterization of LT-EVPs
LT-EVPs exist in the vast extracellular environment in the liver and play an important role in regulating the metabolic

26:4547 it is reasonable to assume that LT-

state and inflammatory response of the liver.*>** Based on previous studies,
EVPs can mediate the repair of liver homeostasis after liver resection. Morphological analysis using transmission
electron microscopy at different magnifications showed that EVPs were spherical lipid-bilayer structures (Figure 3A).
The capture rates of CD9, CD63, and CD81 on EVPs by the fully automated fluorescence detection and analysis system
indicated the prevalence of markers (Figure 3B). By comparing Western blots, we found that hepatic EVPs in vivo were
highly enriched for the canonical markers CD63, Hsp70, and Alix, but not for the intracellular marker calnexin
(Figure 3C). Additionally, the main components of EVPs were characterized by nanoparticle size analysis (Figure 3D)
and zeta potential analysis (Figure 3E) with a particle size of 123.4 nm (88.9%) and a zeta potential of —30.2 mV.
Overall, we revealed the typical physicochemical characteristics of EVPs from their molecular shape, size distribution,
zeta potential, and composition of tagged proteins.*®

The uptake of EVPs into the hepatocytes was confirmed by in vitro localization assays (Figure 3F). The in vivo
results indicated that they could be taken up by the liver tissues through the body’s circulation (Figure 3G). Furthermore,

International Journal of Nanomedicine 2024:19 hetps: 8123
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=465346.pdf
https://www.dovepress.com
https://www.dovepress.com

Gongye et al Dove

Oh 24h 48h 72h
A 6-
()
=3
]
§ 4
e H
& T
£ 3
K= L
g :
> 2
°
o
a
s 1
>
2
— 0 24 48 72
Time( h)
20+
®
(=]
]
£ 15
8
e
@
o
£ 104
s
”n
-
2
= 51
[S)
0 24 48 72
Time (h)
20+
@
=3
]
c 154
@
e
o
o
£ 10
8
®»
-
e
o 5
2
. —1 =
0 24 a8 72
Time (h)
60
°
>
s
§ 40
e
S
o
c
5
»
2 20
©
<
0 24 48 72
Time( h)

Figure | Transient steatosis during normal regeneration after partial hepatectomy. (A) Gross view and H&E staining of liver specimens during regeneration. (B) Oil Red
staining of liver specimens during regeneration. (C) Nile Red staining of liver specimens during regeneration. (D) Kié7 staining of liver specimens during regeneration. Scale
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regeneration. Red, up; blue, down. (B) GSVA during liver regeneration. (C) KEGG pathway enrichment bubble map of differential metabolites during liver regeneration
(top 30). Level | pathway classification: Metabolism M, Genetic Information Processing G, Environmental Information Processing E, Cellular Processes C, Organismal
Systems O, Human Diseases H, Drug Development D. (D) Bar graph of significantly enriched SMPDB pathways for differential metabolites during liver regeneration.

the tracer experiment results indicated the good targeting properties of tissue-derived EVPs based on the homing
property,**->° which has the natural advantages to be developed as a delivery system.

LT-EVPs Promoted Liver Regeneration in vivo and Vitro
We hypothesized that EVPs within liver tissues might contribute to the promotion of liver regeneration. Therefore, we
investigated the effects of EVPs on NCTC-1469 cells in vitro. EdU fluorescence staining revealed that the addition of
EVPs significantly increased the DNA replication activity and promoted hepatocyte proliferation (Figure 4A, p=0.0048).
Additionally, the CCK-8 cell proliferation curve confirmed the improvement in cell proliferation ability (Figure 4B). We
also found that EVPs effectively reduced the hepatocyte apoptosis rate (Figure 4C); however, no significant change in the
cell cycle occurred (results not shown). The in vitro antiapoptotic effect of EVPs might be attributed to the enhancement
of energy metabolism in cells, which is consistent with the findings of previous studies.>'~* The effect of EVPs on liver
regeneration after liver resection was investigated in mice (Figure 4D), with no significant difference between EVP and
sham group (Supplementary Figure 2, p>0.05).

Interestingly, the liver regeneration rate was significantly increased in the EVP administration group (Figure 4E), and there
was no effect on liver inflammatory expression (Figure 4F) and liver injury enzyme levels (Supplementary Figure 3). Notably,
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the non-estesterified fatty acid (NEFA) levels in the blood of the treated group significantly decreased at 24 h (Supplementary
Figure 3, p<0.05), suggesting that NEFA uptake and utilization in the regenerated liver were enhanced.?' The expression of
genes involved in fatty acid B-oxidation and carnitine synthesis during regeneration was also more significantly enhanced in
the treated group (Supplementary Figure 4, p<0.05). Through Oil Red staining (Figure 4G) and Nile Red staining (Figure 4H),

we confirmed the enhanced TRAS dissipation rate within the treated groups. Additionally, the Ki67 fluorescence index of the
treated group was significantly enhanced at 48 h (Figure 41I). Overall, these results suggest that exogenous EVPs supplementa-
tion increased the NEFA uptake and utilization in the liver postoperatively and, on this basis, facilitated complete regeneration.

LT-EVPs Promoted Hedgehog Signaling Pathway Activation and Setd5 Transcription for

Carnitine Synthesis

Similarly, we compared the transcriptomic and untargeted metabolomic changes at 24 h and 48 h between the two
groups. Molecular changes at 24 h were further analyzed in detail and explored, as the earliest and most significant
changes occurred at this time node. We examined considerably different molecules at the RNA level, and the results are
presented as a volcano plot in Supplementary Figure SA. Interestingly, the molecule with the largest fold change in

upregulation was Cyp2d11, which is present in liver microsomes. This enzyme is involved in the NADPH-dependent
electron transport pathway and oxidizes various structurally unrelated compounds such as steroids, fatty acids, and
exogenous substances.”> A conserved molecule such as Scd3 also plays a key role in fatty acid metabolism in
mammals.>*

Using GSVA, we focused on the significant upregulation of the Hedgehog signaling pathway (Supplementary
Figure 5B), which was also found on the GSEA (Figure 5A). KEGG analysis revealed significant differences in cell
proliferation and energy metabolism, particularly oxidative phosphorylation (Supplementary Figure 5C). The enrichment

of biological processes (Supplementary Figure 5D), cellular components (Supplementary Figure SE), and molecular

functions (Supplementary Figure 5F) by GO of differentially expressed genes also showed that cell functions such as

energy metabolism, division, and proliferation were significantly enhanced.
Metabolites showing significant differences are presented in a ring heat map in Supplementary Figure 5G, which is

more convenient for analyzing changes in related metabolic processes. Interestingly, SMPDB analysis revealed that the
most significant changes in metabolic pathways occurred in carnitine synthesis (Figure 5B), suggesting the enhanced
effect of exogenous EVP supplementation on metabolic reprogramming.

The 48-h analysis revealed functional differences in bile secretion and xenobiotic metabolism in the treated groups,
suggesting a faster recovery of normal liver function (Supplementary Figure 6). Additionally, carnitine synthesis still

showed a significant difference at this point.

Gli3 Promoted Downstream Gene Setd5 Transcription and Enhanced Carnitine

Synthesis

The Hedgehog signaling pathway is a morphogenetic signaling pathway that controls the fate of progenitor cells and
tissue construction during embryogenesis, and reactivation occurs during various types of liver injury in adults.>> One of
its prominent roles in mature tissues is the promotion of regeneration.”* Gli3 is the terminal signal node of the Hedgehog
signaling pathway. When this pathway is activated, Gli3 is transported from the cytoplasm to the nucleus as
a transcription factor to promote the transcription of downstream genes. Findings of previous studies have supported
the positive significance of Hedgehog signaling pathway activation for liver regeneration after liver resection; ® 8
nonetheless, its relationship with hepatic metabolic reprogramming remains unclear.

Carnitine synthesis appears to be important throughout the liver regeneration process. Hence, we hypothesized that
Hedgehog signaling pathway could regulate carnitine synthesis. As a methyltransferase, SetdS is the initial rate-
limiting enzyme in the carnitine synthesis pathway.’® By combining the normal mouse liver sequencing data
(GSE233598) from the GEO database with the sequencing data generated during the experiment, we found that
Setd5 expression was significantly positively correlated with Gli3 expression through gene correlation analysis
(Figure 5C). Subsequently, we verified the hypothesized regulatory relationship between Gli3 as a transcription factor
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and Setd5 gene transcription in NCTC-1469 cell lines. Using pharmacological modulation, we observed that Gant61,
which is widely recognized as a Gli inhibitor,%” inhibited Gli3 RNA expression in hepatocytes and that the inhibitory
effect was partially reversed by exogenous EVP supplementation; similar results were obtained from the gene
interference experiments (Figure 5D). The RNA expression level of Setd5 also exhibited the same trend
(Figure 5E). We verified this relationship using a dual luciferase assay (Figure 5F) and further designed a cell
proliferation-related experimental protocol for drug interference (Figure 5G). Based on the CCK-8 cell proliferation
curve (Figure SH), carnitine ELISA detection (Figure 5I) and EdU fluorescence detection (Figure 5J), we confirmed
that Gant6l inhibited carnitine synthesis and reduced the energy supply to inhibit hepatocyte proliferation.
Additionally, Western blot analysis confirmed the regulatory relationship between Gli3 and Setd5 at the protein
level (Figure 5K). The small interference RNA regulation experiments also supported the same conclusion
(Figure S5L—P). In this regard, we identified the role of Gli3 as a transcription factor regulating the transcription of
SetdS, a key enzyme for carnitine synthesis.

B-sitosterol in EVPs activated Hedgehog signaling through a non-canonical pathway

Based on the above results, we next investigated the specific molecules involved in the activation of Hedgehog signaling
by EVPs. A recently published report showed that palmitic acid carried by extracellular vesicles reprogramed the hepatic
metabolic state.®’ In the absence of Hedgehog ligands, Ptchl inhibited the activity of the seven-fold transmembrane
protein Smoothened (Smo) by reducing its accessibility to obtaining sterols from the inner membrane leaflet.>* By
reviewing the literature, we found that sterols could activate the Hedgehog signaling pathway.>*** Under the guidance of
this idea, we analyzed the metabolites within EVPs of independent individual origin. Based on mass spectrometry data,
we screened the enriched metabolites in LT-EVPs and found B-sitosterol (Figure 6A). The metabolites are detailed in
Supplementary Table 1. From SwissTarget and TargetNet databases were used to predict the potential targets of [-

sitosterol, and Smo was identified as a potential target (Figure 6B, Supplementary Table 2). This is consistent with

previous studies; nevertheless, the mechanism of action in the liver has not been elucidated.®**** We employed computer
simulation of molecular docking to predict the binding sites of sitosterol to Smo. The score (6.68163538) of this
combination mode in the PLANET scoring model was within the range of the benchmark score of the training set,
indicating the rationality of the combination.®® Notably, sitosterol was not detected in the regenerated liver tissues from
mass spectrometry assay (results not shown). Combined with single-cell database analysis,® Smo was found to be
predominantly present in hepatocytes (Supplementary Figure 7), suggesting that B-sitosterol in EVPs reprograms liver

metabolism by regulating hepatocyte function.

Next, we further validated sitosterol for the Hedgehog signaling pathway and the role of liver cell proliferation.
We first identified cyclopamine, a known inhibitor of Smo, as a means of interference and verified its inhibitory
effect on Gli3 and Setd5 RNA expression levels, which could be partially offset by B-sitosterol (Figure 6C). In the
in vitro cell proliferation assay, CCK-8 cell proliferation curve assay was used to verify the effects of SAG
hydrochloride, an activator, and cyclopamine, an inhibitor. B-sitosterol had a similar effect, promoted the prolifera-
tion as SAG, and partially offset cyclopamine’s inhibition of proliferation effect (Figure 6D). Furthermore, we found
that increasing the [B-sitosterol content in EVPs could enhance the cell proliferation effect (Figure 6E). Protein
nuclear translocation of Gli3 was also inhibited by cyclopamine, while it could be recovered by p-sitosterol
(Figure 6F). EdU fluorescence detection confirmed the regulatory relationship with the proliferation effect
(Figure 6G). Additionally, Western blot analysis confirmed the regulatory relationship at the protein level
(Figure 6H). Taken together, we demonstrated that B-sitosterol in LT-EVPs could activate the Hedgehog signaling
pathway by binding to Smo.

Perioperative Sitosterol Diet Contributed to Postoperative Liver Regeneration in
Mice

Consistent with the hypothesis, B-sitosterol diet significantly enhanced the liver regeneration rate (Figure 7A and F, p<0.05).
H&E staining revealed that the regenerating liver had no obvious inflammatory infiltration and necrotic foci, which was
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consistent with the experimental results described above. Moreover, lipid droplets dissipated more rapidly in the liver of mice
fed with B-sitosterol (Figure 7B). This phenomenon was also confirmed by Oil Red staining (Figure 7C) and Nile Red dyeing
(Figure 7D). The Ki67 staining results verified the enhanced liver regeneration rate in the -sitosterol diet group (Figure 7E).
The results for the serum indexes of mice, including liver function enzymology, suggested secure sitosterol dosing; however,
free fatty acids showed no obvious difference with the index of previous LT-EVP dosing. This result might be associated with
the more abundant content in the EVPs (Supplementary Figure 8).

Discussion

Our present study revealed that liver regeneration after partial hepatectomy was closely related to lipid oxidation and
carnitine synthesis. In in vivo and in vitro experimental models, exogenous EVPs effectively promoted liver regeneration.
In liver sections, the accelerated dissipation of regrowth-associated steatosis was observed to provide energetic support
for liver reg._generation.3 4 For the first time, we confirmed the function of LT-EVPs; that is, they could accelerate liver
regeneration after partial hepatectomy.

We investigated how EVPs mediated the acceleration of regeneration and observed that EVPs could be taken up by
the hepatocytes after injection. EVPs could stimulate hepatocyte proliferation and reduce the proportion of apoptosis,
suggesting that EVPs might play an important role in tissue regeneration after liver resection. Based on a series of
untargeted metabolomic analyses, the carnitine synthesis pathway was observed to be consistently enriched as the top
pathway in the mouse liver regeneration model. Recent studies have also shown that carnitine can significantly promote
regeneration after hepatectomy.’” Functional studies in vivo confirmed that EVPs enhanced fatty acid metabolism after
hepatectomy while inducing the acceleration of regeneration. B-sitosterol in EVPs is mainly absorbed by the digestive
tract.®”% In support of our findings, increasing the B-sitosterol content of the diet could promote liver regeneration.
These findings collectively suggest that sitosterol is a key beneficial metabolite in hepatic EVPs and contributes to liver
regeneration. Significant gaps remain in the study of B-sitosterol regarding liver regeneration post-hepatectomy. Our
literature review identified only one mechanistic study focusing on the treatment of hepatic fibrosis using the Chinese
herbal preparation Xiao Chai Hu Tang.®® However, this study lacked comprehensive experimental validation. Metabolic
reprogramming seems to be the cornerstone for normal liver regeneration; thus, how to correctly distinguish proliferative
from neoplastic metabolic reprogramming will also be an interesting topic in the future.

We investigated the acceleration effects of EVPs on liver regeneration in terms of mechanism and found that the
Hedgehog signaling pathway was significantly activated and carnitine synthesis-related genes were transcripted after
exogenous EVP supplementation. This effect was confirmed through in vitro and in vivo experiments. The Hedgehog
signaling pathway plays a main role in the regeneration and repair of mature tissues; therefore, Hedgehog signaling
pathway activation by EVPs at least partially explains its positive significance on liver tissue regeneration. We further
demonstrated the direct interaction between B-sitosterol in EVPs and the Hedgehog signaling pathway in the liver. We
identified Smo as the relevant surface receptor on hepatocytes and further demonstrated the activation of Smo protein by
sitosterol. The Smo inhibitor effectively abolished the pro-proliferative effect of sitosterol on hepatocytes. Our findings
suggest that EVPs carry sitosterol, which is taken up by the hepatocytes after partial liver resection and binds to Smo to
activate the Hedgehog signaling pathway, thereby enhancing hepatic energy supply for regeneration.

We also explored the effect of perioperative dietary supplementation of B-sitosterol on postoperative liver regeneration. The
administration of B-sitosterol, a dietary phytosterol, can promote liver regeneration, which has great implications for clinical
translation. Previous reports have proposed improved perioperative dietary strategies for the benefit of liver surgery results.”
Therefore, the promotion of B-sitosterol diet during the perioperative period of liver disease has a good prospect. However, this
study has certain limitations. Firstly, we have not identified the specific mechanism that promotes the formation of TRAS, which
is related to the intrahepatic accumulation of NEFA and involves long-distance communication between the liver and peripheral
adipose tissue during liver regeneration.”"”* Secondly, the limited time span of the sample prevented observation of multiple
waves of liver fat accumulation and proliferation. This limitation caused difficulties in the kinetic study of liver regeneration.”* ”>
Further investigation is required to overcome these limitations, such as the use of organoids and organ-on-a-chips. These
technologies allow for continuous observation of changes during liver regeneration.”®’® Finally, it is important to note that the
liver of patients in clinical practice may not be normal, and concomitant diseases can also impair the liver’s ability to regenerate
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and repair after trauma. Our group’s future research will focus on verifying whether this method is also beneficial for the liver in
different pathological states.

In conclusion, our study revealed that B-sitosterol was a hepato-regenerative component that could bind to the Smo
protein on hepatocytes to activate the Hedgehog signaling pathway and promote carnitine synthesis, thereby enhancing
liver regeneration. Additionally, EVPs encapsulated metabolites to regulate the metabolic state of the liver and stimulate
its regeneration, which could be an effective drug delivery strategy. Therefore, they offer good development prospects for
the prevention and treatment of insufficient liver regeneration in the future.

Conclusion

Our in vitro and in vivo experiments have confirmed that LT-EVPs can promote liver regeneration following liver
resection. The [-sitosterol contained in these EVPs plays a crucial role in this process. B-sitosterol activates the
Hedgehog signaling pathway, enhances carnitine synthesis in the liver, and improves the energy supply to hepatocytes,
thereby supporting liver regeneration.
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