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We investigated the potential of adipose-derived stem cells (ADSCs) in preventing post-hepatectomy 
liver failure, emphasizing the necessity of direct administration using a scaffold. A fibrin gel scaffold 
was employed for ADSCs (gelADSC) to assess their therapeutic impact on liver regeneration in both in 
vitro and in vivo settings. Experiments were conducted on C57BL/6 mice with normal livers and those 
with chronic hepatitis. We also explored the role of extracellular vesicles (EVs) secreted by ADSCs in 
conjunction with fibrin gel. GelADSC showed sustained release of hepatocyte growth factor, vascular 
endothelial growth factor, and stromal cell–derived factor 1 for at least 7 days in vitro. In vivo, gelADSC 
significantly enhanced postoperative liver regeneration by upregulating the cell cycle and fatty acid 
oxidation in both normal and chronically hepatitis-affected mice. The therapeutic effects of gelADSC 
were potentially favorable over those of intravenously administered ADSCs, especially in mice with 
chronic hepatitis. Increased EV secretion associated with fibrin gel use was significantly linked to 
enhanced liver regeneration post-surgery through the promotion of fatty acid oxidation. The findings 
underscore the enhanced therapeutic potential of gelADSC, particularly in the context of chronic 
hepatitis, possibly compared to intravenous administration.
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Post-hepatectomy liver failure (PHLF) is a relatively rare but potentially life-threatening complication of 
hepatectomy. The incidence of PHLF is reported to range from 8 to 12%, with 2–10% mortality, depending on 
the volume of the resected liver1. Although liver transplantation is the only treatment for PHLF that is definitive 
and curative, it is potentially limited by donor availability and the invasiveness of surgery.

Adipose-derived stem cells (ADSCs) have shown promising tissue reparative properties in various types of 
organ dysfunction2. The two primary methods for administering ADSCs are intravenous injection and direct 
application to the affected organ. While intravenous injections are relatively simple and safe, they lack the ability 
to target ADSCs specifically to the damaged tissue. In contrast, direct administration allows for localized delivery 
of ADSCs to the injury site, but it requires a suitable scaffold to retain the cells at the target location. Therefore, 
determining the optimal route of ADSC administration is crucial when developing organ failure models.

Although ADSCs have been investigated as a potential preventive treatment for PHLF, most studies have 
focused on their intravenous administration3. Despite the promise of intravenous delivery, several limitations 
have been identified. Watanabe et al. reported that the majority of intravenously injected ADSCs become trapped 
in the lungs4. Moreover, there has been a report of pulmonary embolism, potentially linked to intravenous 
ADSC administration5. In contrast, some studies suggest that direct administration of ADSCs may offer superior 

1Department of Gastroenterological Surgery, Graduate School of Medicine, Osaka University, 2-2 Yamada-oka, 
Suita 565-0871, Osaka, Japan. 2Department of Cardiovascular Surgery, Graduate School of Medicine, Osaka 
University, Suita, Japan. 3Department of Metabolic Medicine, Graduate School of Medicine, Osaka University, 
Suita, Japan. 4Department of Adipose Management, Graduate School of Medicine, Osaka University, Suita, Japan. 
5Department of Gastroenterology and Hepatology, Graduate School of Medicine, Osaka University, Suita, Japan. 
6Department of Medical Physics and Engineering, Division of Health Sciences, Graduate School of Medicine, Osaka 
University, Suita, Japan. email: skobayashi@gesurg.med.osaka-u.ac.jp

OPEN

Scientific Reports |         (2025) 15:6334 1| https://doi.org/10.1038/s41598-025-90805-7

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-90805-7&domain=pdf&date_stamp=2025-4-23


therapeutic benefits compared to intravenous injection6. In this context, Hu et al. highlighted the need to 
evaluate the most appropriate route of ADSC delivery for treating liver injury7. Thus, it is reasonable to explore 
the therapeutic potential of direct ADSC administration in a PHLF model, particularly using a scaffold to retain 
the cells at the liver surface.

To address this, we utilized fibrin gel (FG) as a scaffold for the administration of ADSCs for three main 
reasons. First, FG has been demonstrated to be an effective scaffold, providing a favorable environment for 
ADSCs without inducing their differentiation8–11. Second, FG is widely utilized in surgical practice to prevent 
bleeding and bile leakage following liver resection12, making its safety and efficacy well-established in the context 
of hepatectomy. Third, due to its expandable nature, FG is particularly suited for covering the liver, a three-
dimensional structure. In this study, we developed a mouse liver resection model to evaluate the therapeutic 
effects of ADSCs on liver regeneration by applying ADSCs to the liver surface, using FG as a scaffold.

Results
GelADSC displayed favorable survival and cytokine secretion in vitro
In this study, gelADSC refers to 1.0 × 106 ADSCs embedded in 2-fold diluted FG. First, we evaluated the in vitro 
dynamics of gelADSC. Histological examination of gelADSC cultured in vitro for 7 days revealed a considerable 
number of ADSCs within FG (Fig. 1a). TUNEL staining demonstrated a substantial population of viable ADSCs 
(Fig. 1b). Subsequently, the assessment of FG’s influence on the secretion of vascular endothelial growth factor 
(VEGF), hepatocyte growth factor (HGF), and stromal cell-derived factor-1 (SDF-1) revealed consistently higher 
levels from gelADSC compared to those cultured without FG, and the levels of secreted cytokines continued to 
increase until day 7 (Fig. 1c). Furthermore, western blot (WB) analysis revealed that the expression of hypoxia 
inducible factor-1 α (HIF-1α) was heightened in the gelADSC group on days 3, 5, and 7 (Fig. 1d; the uncropped 
membrane is shown in Supplementary Fig. S1). These results suggest that gelADSC provided a favorable scaffold 
on which ADSCs were able to survive for at least 7 days, with the hypoxic condition potentially upregulating 
cytokine expression.

Fig. 1.  In vitro evaluation of ADSCs embedded in fibrin gel. (a) H&E staining of gelADSC after 7-day 
incubation exhibited numerous ADSCs remaining in the fibrin gel. Scale bar = 50 μm. (b) TUNEL staining 
of gelADSC after 7-day incubation revealed viable ADSCs. Scale bar = 50 μm. (c) ADSCs embedded in fibrin 
gel (solid line) secreted significantly higher amounts of VEGF, HGF, and SDF-1 than did ADSCs incubated 
without fibrin gel (dotted line). (d) Western blot analysis showing the enhanced expression of HIF-1α by 
ADSCs embedded in fibrin gel on days 3, 5, and 7. *p < 0.05.
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ADSCs survived in FG in hepatectomized mice
In the animal model using C57BL/6 mice, ADSCs were administered either embedded in FG (gelADSC group) 
or via intravenous injection (ivADSC group). Next, the dynamics of gelADSC in vivo were evaluated. GelADSC 
was extracted from hepatectomized mice on postoperative day (POD) 7. Histological analysis using hematoxylin 
& eosin (H&E) staining (Fig. 2a) and TUNEL staining (Fig. 2b) revealed that, similar to the in vitro results, 
the majority of ADSCs within FG remained viable in vivo on POD 7. Immunostaining of gelADSC revealed 
high expression of CD90 and CD105, which are known markers of ADSCs, and little expression of hepatocyte-
specific antigen and arginase-1, which are commonly positive in hepatocytes (Fig.  2c). Furthermore, the in 
vivo distribution of ADSCs was assessed by labeling them with iron and tracking them by magnetic resonance 
imaging (MRI). Appropriate labeling was confirmed by Berlin staining (Fig. 2d). In the gelADSC group, FG on 
the liver surface was detected as a low-intensity signal on T2-weighted imaging (T2WI), reflecting the presence 
of iron (Fig. 2e). Notably, on PODs 1, 3, and 7, the liver exhibited a low-intensity signal on T2WI in the ivADSC 
group compared with the livers in the control group and the gelADSC group. Taken together, ADSCs remained 
within FG in hepatectomized mice for a duration of 7 days, demonstrating their undifferentiated status and 
continuous viability.

GelADSC promoted liver regeneration after hepatectomy in normal liver through 
upregulation of the cell cycle and fatty acid oxidation
In the gelADSC group, gelADSC was placed on the surface of the remnant liver after 70% partial hepatectomy 
(Fig. 3a). The remnant liver to body weight ratio (LTBR) significantly increased in the gelADSC group compared 
with the control group (mean: 0.034 vs. 0.029) on POD 2 (Fig. 3b). Immunostaining of proliferating cell nuclear 
antigen (PCNA) on thin sections of the liver on POD 2 showed a significant increase in PCNA-positive cells 
in the gelADSC group compared with the control group (Fig. 3c). Pathway analysis using RNA-seq revealed 
a significant upregulation of the cell cycle pathway in the gelADSC group (Supplementary Fig. S2a). H&E 
staining on POD 2 revealed less accumulation of lipid droplets in the gelADSC group (Fig. 3c). Cholesterol 
and triglyceride assays of liver samples demonstrated significantly lower triglyceride content in the gelADSC 
group compared with the control group, though the cholesterol level was comparable between the two groups 
(Fig.  3d). RNA-seq analysis revealed significant upregulation of fatty acid oxidation in the gelADSC group 
(Supplementary Fig. S2b). Polymerase chain reaction (PCR) analysis of mRNA extracted from liver samples 
showed significant upregulation of carnitine O-octanoyltransferase (Crot), carnitine palmitoyltransferase 1a 

Fig. 2.  In vivo evaluation of ADSCs embedded in fibrin gel. (a) H&E staining of gelADSC on postoperative 
day 7 revealed numerous ADSCs remaining in the fibrin gel. Scale bar = 50 μm. (b) TUNEL staining of 
gelADSC on postoperative day 7 revealed viable ADSCs. Scale bar = 50 μm. (c) Immunostaining of gelADSC 
using antibodies for CD90, CD105, arginase-1, and hepatocyte-specific antigen (HSA) revealed that ADSCs 
in the fibrin gel were diffusely positive for CD90 and CD105 but negative for arginase-1 and HSA. Scale bar 
= 50 μm. (d) Berlin staining of ADSCs confirmed labeling with iron. Scale bar = 50 μm. (e) The distribution 
of ADSCs in vivo was assessed by T2WI MRI. Fibrin gel exhibited a high-density signal on the liver surface 
(yellow arrows), whereas it exhibited a low-density signal when iron-labelled ADSCs were embedded in it (blue 
arrows). Intravenous administration (ivADSC) resulted in a hepatic distribution of ADSCs, as evidenced by the 
low-density liver parenchyma (red arrows).
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(Cpt-1a), and peroxisome proliferator-activated receptor α (Pparα), which are involved in fatty acid oxidation, in 
the gelADSC group. In contrast, no significant differences were observed in the mRNA expression of acetyl-CoA 
carboxylase (Acc), fatty acid synthase (Fasn), and sterol regulatory element-binding protein 1c (Srebp-1c), which 
are involved in fatty acid synthesis (Fig. 3e). In addition, in the 90% hepatectomy model, the gelADSC group 
exhibited significantly improved survival compared with that of the control group (p = 0.0013; Supplementary 
Fig. S3). These comparisons between the gelADSC and the control groups highlighted the usage of gelADSC to 
enhance liver regeneration in the setting of hepatectomy for normal liver.

The therapeutic effect of gelADSC was further evaluated by comparing the gelADSC group and the ivADSC 
group. The LTBR on POD 2 was comparable between the two groups (mean: 0.033) (Fig. 3f). Histological analyses 
revealed that the number of PCNA-positive cells and the extent of lipid accumulation were also comparable 
between the two groups (Fig. 3c), as was the triglyceride content (Fig. 3d). In the ivADSC group, the expression 
of Cpt-1a, Crot, and Pparα mRNAs was significantly downregulated in comparison with that in the gelADSC 
group (Fig. 3e).

In summary, gelADSC contributed to post-hepatectomy liver regeneration by upregulating the fatty acid 
oxidation and cell cycle pathways. Moreover, the therapeutic impact of gelADSC seemed comparable to that of 
ivADSC, although the expression of mRNAs associated with fatty acid oxidation was possibly upregulated in the 
gelADSC group.

GelADSC promoted liver regeneration after 70% hepatectomy in liver with chronic hepatitis 
by upregulating the cell cycle and fatty acid oxidation
We investigated the therapeutic effects of gelADSC for hepatectomy in mice with chronic hepatitis. Five weeks 
of preoperative thioacetamide (TAA) administration successfully induced liver fibrosis, which was confirmed by 
Masson’s trichrome staining (Fig. 4a). The LTBR did not differ significantly between the control group and the 
gelADSC group on PODs 1, 2, 5, and 7, but we did find a significant difference on POD 3 (mean: 0.034 vs. 0.037; 
p = 0.0012) (Fig. 4b). The LTBR was consistently lower than the values in hepatectomized mice with normal 
liver (Fig. 3b). H&E staining demonstrated reduced intracellular lipid droplets in the gelADSC group compared 
with the control group (Fig. 4c). Immunostaining for PCNA revealed an increase in the positive cells in the 

Fig. 3.  Therapeutic effect of gelADSC after hepatectomy for normal liver. (a) Intraoperative photograph 
showing gelADSC placed on the surface of the remnant liver (black arrows). (b) The liver to body weight ratio 
was significantly higher on POD 2 in the gelADSC group than in the control group. (c) Representative images 
of the histological evaluation of remnant liver showing the accumulation of lipid in the control group on H&E 
staining, whereas such accumulation is decreased in the ivADSC and gelADSC groups. Immunohistochemistry 
for PCNA showed a significant increase in PCNA-positive cells in the gelADSC group compared with the 
control group. Scale bar = 100 μm. (d) A triglyceride assay revealed that the liver triglyceride content in the 
gelADSC group was significantly higher than in the control group but comparable to the ivADSC group. The 
cholesterol content was comparable between the three groups. (e) mRNA expression in the liver was evaluated 
by real-time PCR. The expression of Acc, Fasn, and Srebp-1c was comparable between the three groups, 
whereas that of Cpt-1a, Crot, and Pparα was significantly upregulated in the gelADSC group, the ivADSC 
group, and the control group in that order. (f) The liver to body weight ratio on POD 2 was comparable 
between the gelADSC group and the ivADSC group. *p < 0.05.
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gelADSC group compared with the control group (Fig. 4c). Furthermore, PCR analysis demonstrated significant 
upregulation of Cpt-1a, Crot and Pparα in the gelADSC group compared to the control group, although the 
expression of Acc, Fasn, and Srebp-1c was comparable between the two groups (Fig. 4d). The efficacy of gelADSC 
was also revealed in hepatectomy for chronic hepatitis liver by comparing it with the control group.

The therapeutic effect was further evaluated by comparing the gelADSC group with the ivADSC group. The 
LTBR on POD 3 significantly increased in the gelADSC group (mean: 0.033 vs. 0.037) (Fig. 4e). The histological 
analyses revealed that the number of PCNA-positive cells was increased in the gelADSC group, although lipid 
accumulation was comparable between the two groups (Fig. 4c). The mRNA expression of Cpt-1a, Crot, and 
Pparα was significantly increased in the gelADSC group (Fig. 4d).

In summary, gelADSC promoted post-hepatectomy liver regeneration by upregulating the cell cycle and 
fatty acid oxidation in the presence of chronic hepatitis. In this model, the therapeutic impact of gelADSC was 
superior not only to the control group but also probably to the ivADSC group.

The hepatic distribution of ADSCs administered through a tail vein decreased in the presence 
of chronic hepatitis
The post-hepatectomy distribution of ADSCs in a chronic hepatitis model mouse was evaluated by MRI. In 
the gelADSC group, FG containing iron-labeled ADSCs was consistently enhanced by a low-intensity signal 
for 7 postoperative days (Fig. 5a), just as it was after hepatectomy for normal liver (Fig. 2e). In contrast, in the 
ivADSC group, the liver did not display a low-intensity signal as it did after hepatectomy for normal liver. This 
finding was confirmed by the comparison of the liver signal intensity relative to that of muscle between the two 
ivADSC groups (i.e., the comparison between the ivADSC group mice with normal liver and those with chronic 
hepatitis). The signal intensity was significantly higher in the livers of the ivADSC group with chronic hepatitis 
than in the livers of the ivADSC group with normal livers (Fig. 5b). This result may suggest that the number of 
intravenously administered ADSCs that reached the liver was smaller in the chronic hepatitis model than in the 
normal liver model.

Fig. 4.  Therapeutic effect of gelADSC after hepatectomy for chronic hepatitis. (a) Masson trichrome staining 
of the resected liver confirmed liver fibrosis. Scale bar = 100 μm. (b) The liver to body weight ratio gradually 
increased in both the control and the gelADSC groups, with a significant difference on POD 3 in favor of the 
gelADSC group, although the difference was not significant at PODs 1, 2, 5, and 7. (c) Representative H&E 
images of remnant liver demonstrating lipid accumulation in the control group, with less lipid accumulation in 
the ivADSC and gelADSC groups. Immunohistochemistry for PCNA showed a significant increase of PCNA-
positive cells in the gelADSC group compared with the control and ivADSC groups. Scale bar = 100 μm. (d) 
mRNA expression in the liver was evaluated by real-time PCR. The expression of Acc, Fasn, and Srebp-1c was 
comparable between the three groups, whereas that of Cpt-1a, Crot, and Pparα was significantly upregulated in 
the gelADSC group compared with the control group and the ivADSC group. (e) The liver to body weight ratio 
at POD 3 was significantly higher in the gelADSC group than in the ivADSC group. *p < 0.05.
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Extracellular vesicles play an important role in liver regeneration by gelADSC
Finally, we examined the impact of extracellular vesicles (EVs) released from ADSCs on the liver regeneration 
after hepatectomy. In in vitro experiments, ADSCs secreted more EVs when encapsulated in FG than when 
cultured without it, and EV secretion increased as time progressed (Fig. 6a; the uncropped membrane was shown 
in Supplementary Fig. S1). Blood samples from hepatectomized mice treated with gelADSC showed the presence 
of EV in serum from 8 to 16 h post-hepatectomy, persisting for at least 48 h (Fig. 6b; the uncropped membrane 
was shown in Supplementary Fig. S1). In this experiment, anti-CD63 antibody was used as an EV marker since 
this antibody does not have reactivity with mouse tissue. Subsequently, we inhibited ADSCs’ EV secretion by 
siRNA-mediated knockdown of ALIX (referred to as ADSCsiALIX)13. The qPCR analysis confirmed the reduction 
of ALIX gene expression (Fig. 6c), and the attenuation of EV secretion was observed through reduced expression 
of EV markers such as TSG101 and syntenin in WB analysis (Fig. 6c; the uncropped membrane was shown in 
Supplementary Fig. S1). The secretion of cytokines, specifically HGF and SDF-1, by ADSCs was significantly 
reduced upon silencing ALIX mRNA, although the VEGF secretion remained unchanged (Fig. 6d). The impact 
of EVs on hepatectomy-induced liver regeneration was assessed using gelADSCsiALIX. The LTBR on POD 2 
was significantly decreased in the gelADSCsiALIX group relative to that in the gelADSCsiControl group (mean: 
0.035 vs. 0.038) (Fig.  6e). Moreover, the expression of Crot and Pparα mRNAs was significantly reduced in 
the gelADSCsiALIX group (Fig. 6f). The findings suggest a significant contribution of EVs to post-hepatectomy 
liver regeneration, by upregulating the cell cycle and fatty acid oxidation along with the release of important 
cytokines.

Discussion
Our study demonstrated the promising therapeutic effects of direct ADSC administration in hepatectomized 
mice. One possible explanation for these positive outcomes is the paracrine effect of ADSCs. To obtain the 
paracrine effect, ADSCs must be administered in close proximity to the damaged tissue. For example, in animal 
models of bone or skin defects, tissue repair has been successfully achieved through local administration of 
ADSCs within a scaffold14,15. In the present study, we employed FG as a scaffold for ADSCs (gelADSC). The 
efficacy of FG as a scaffold for ADSCs has been previously reported. FG exhibits a durable mechanical structure, 
as evidenced by its stress-strain hysteresis loop properties9. Furthermore, FG has a three-dimensional porous 
structure, with pore diameters of approximately 1.69 μm10. This structural feature makes FG an ideal scaffold 
for ADSCs, as the diameter of ADSCs and ADSC-derived EVs is 10–25 μm16 and 50–200 nm17, respectively. 
FG can thus retain ADSCs while allowing the release of EVs. Moreover, FG provides uniform distribution and 
adhesion of ADSCs without inducing their differentiation into hepatocytes8,11,18. These characteristics make FG 
particularly suitable for maintaining the ADSCs’ reparative capabilities, ensuring sustained delivery of paracrine 
factors to the injured tissue.

Fig. 5.  MRI evaluation of ADSCs administered in a chronic hepatitis model. (a) The distribution of ADSCs 
administered in a chronic hepatitis model was evaluated by T2WI on PODs 1, 3, and 7. In the gelADSC group, 
fibrin gel exhibited low-intensity enhancement, reflecting the presence of ADSCs labeled with iron. In the 
ivADSC group, the distribution of intravenously administered ADSCs was not apparent. (b) The liver signal 
intensity relative to that of muscle was evaluated in the ivADSC groups with normal liver and with chronic 
hepatitis using the ImageJ software. The intensity was significantly lower in mice with hepatectomy and normal 
liver than in those with chronic hepatitis on POD 1, 3, and 7. *p < 0.05.
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The therapeutic mechanism of gelADSC is summarized in Fig.  7. Our in vitro experiments showed 
continuous secretion of VEGF, HGF, and SDF-1, crucial for liver regeneration19–21, for over 7 days when ADSCs 
were enclosed in FG. The crucial period for liver regeneration after hepatectomy is reported to be 7 days post-
surgery22, suggesting that gelADSC is an effective therapy for liver regeneration following liver resection. 
Additionally, increased HIF-1α expression was noted in gelADSC, which may contribute to the upregulated 
secretion of the cytokines, since hypoxic condition is associated with enhanced secretion of VEGF, HGF, and 
SDF-123–25. Taking these results together, gelADSC presents a promising model for ADSCs’ therapeutic effects 
on post-hepatectomy liver regeneration.

The therapeutic potential of gelADSC was subsequently assessed in vivo using a mouse hepatectomy model, 
revealing enhanced liver regeneration via upregulation of fatty acid oxidation and the cell cycle. Our results 
show that gelADSC contributed to lipolysis (i.e., fatty acid oxidation) rather than lipogenesis, consistent with 
a previous report26. The intravenous administration of ADSCs is a potent therapy for liver regeneration after 
hepatectomy of normal liver, despite the reports of entrapment by the lung4,13. Sid‑Otmane et al. reported that 
intravenously administered ADSCs exert their therapeutic effect by an “endocrine-like” mechanism, where 
ADSCs trapped in the lung remotely function to repair damaged organs27. In the current study, the therapeutic 
impact of ivADSC was comparable to that of gelADSC. However, our MRI results showed that gelADSC and 
ivADSC showed different distribution of ADSCs. In the gelADSC group, ADSCs remained in FG on the surface 
of the liver for at least 7 days after hepatectomy, potentially enhancing their therapeutic effect. In contrast, in the 
ivADSC group, the MRI signal in the liver was enhanced at a comparatively low level for 7 days postoperatively. 
Previous studies suggested that intravenously administered ADSCs remain in liver for only 2 to 3 days4, which 
seems contrary to our MRI findings. However, we need to be cautious in the interpretation of MRI because the 
presence of ADSCs was indirectly evaluated as the presence of iron. Moreover, although gelADSC was a potent 
method to administer ADSCs in the setting of hepatectomy, other administration routes, such as injection 
into a portal system, still warrant future studies to further evaluate the efficacy of gelADSC. Overall, gelADSC 
exhibited a therapeutic effect, promoting liver regeneration via fatty acid oxidation and cell cycle, and ivADSC 
also displayed comparably potent effects in normal liver hepatectomy models.

The therapeutic effect of gelADSC was also evaluated in mice with underlying chronic hepatitis because, in 
current surgical practice, approximately 54% of the patients undergoing hepatectomy have chronic hepatitis28. 

Fig. 6.  Evaluation of the impact of extracellular vesicles (EVs) secreted from ADSCs. (a) EV secretion 
increased in a time-dependent manner, both with and without fibrin gel. Furthermore, EV secretion was 
higher with the use of fibrin gel compared with that in the absence of fibrin gel. (b) EV secretion was assessed 
using blood samples obtained from hepatectomized mice treated with gelADSC. EVs appeared in the serum 
from 8–16 h until at least 48 h post-hepatectomy. (c) EV secretion was inhibited by introducing ALIX-siRNA 
to ADSCs. The introduction of ALIX-siRNA was confirmed by PCR analysis, and it decreased the expression 
of the proteins TSG101 and syntenin. (d) The EV secretion of ADSCsiControl and ADSCsiALIX was compared. 
Although the VEGF concentrations were comparable, the concentrations of HGF and SDF-1 were significantly 
lower in ADSCsiALIX. (e) The therapeutic effect of gelADSCsiALIX was evaluated in a mouse hepatectomy model. 
The liver to body weight ratio at POD 2 was significantly decreased in the gelADSCsiALIX group. (f) mRNA 
expression in the liver was evaluated by real-time PCR. The expression of Acc, Fasn, Srebp-1c and Cpt-1a was 
comparable between the gelADSCsiControl group and the gelADSCsiALIX group, whereas that of Crot and Pparα 
was significantly reduced in the gelADSCsiALIX group. *p < 0.05.
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In a mouse model of underlying chronic hepatitis, gelADSC demonstrated significant upregulation of fatty 
acid oxidation and cell cycle compared not only to the control group but also probably to the ivADSC group. 
Interestingly, our MRI findings indicate that the distribution of intravenously administered ADSCs differed 
according to the presence or absence of underlying chronic hepatitis. Specifically, fewer ADSCs reached the liver 
in the chronic hepatitis model compared to the normal liver model. This discrepancy may explain why ivADSC 
might show inferior therapeutic potential to gelADSC in the chronic hepatitis model, unlike in the normal liver 
model. Therefore, especially in patients with chronic hepatitis, gelADSC could be a preferable therapeutic option 
for liver regeneration post-hepatectomy potentially over ivADSC.

EVs have been considered crucial to liver regeneration by gelADSC. Hypoxia has been reported to promote 
the secretion of EVs29. Our study found that ADSCs secrete significantly more EVs when embedded in FG 
(Fig.  6a), suggesting the hypoxic environment in FG favored EV release. Interestingly, EVs appeared in the 
serum of hepatectomized mice treated with gelADSC from 8 to 16 h until at least 48 h after surgery (Fig. 6b). 
A previous report described that, when ADSCs were intravenously administered, the amount of serum EV 
markedly increased at 4 h after administration, rapidly decreasing thereafter13. The continuous release of EVs 
from gelADSC may have contributed to enhanced liver regeneration after hepatectomy. Moreover, inhibiting the 
release of EVs from ADSC in vivo led to a significant decrease in HGF and SDF-1 secretion in vitro, reduced 
LTBR levels, and downregulated mRNA levels related to fatty acid oxidation. This underscores the therapeutic 
role of EVs in gelADSC. Indeed, the concept of using EVs instead of ADSCs has already been reported, due to 
EVs’ lack of immunogenicity30. Nevertheless, the application of gelADSC led to a time-dependent and persistent 
increase in EV secretion (Fig. 6a), offering a clinical advantage in liver regeneration post-hepatectomy.

In clinical scenarios like living-donor liver transplantation, gelADSC holds promise beyond post-
hepatectomy use. Addressing concerns like small-for-size syndrome31, administering gelADSC to the grafted 
liver could facilitate liver regeneration. Although a large area must be covered by gelADSC, considering the size 
of the human liver, Mori et al.‘s cell spray method6 offers a potential solution. This technique, previously used to 
spray FG onto the heart, ensures consistent distribution on the liver surface.

The current study has some limitations. First, due to the use of ADSCs of human origin, the therapeutic 
potential of gelADSC as an allograft or autograft was not evaluated. Second, the absence of an adequate control 
group to compare the gelADSC and the ivADSC groups makes us cautious in interpreting the results of this 
comparison. Third, the validity of using TAA to induce chronic hepatitis is controversial. The pathogenesis of 
chronic hepatitis in human beings is quite different. Finally, we need to be careful in interpreting MR images. It 
remains unclear how long ADSCs can retain iron after being administered in vivo.

In conclusion, the therapeutic effect of ADSCs’ direct administration in the post-hepatectomy setting 
was validated using FG as a scaffold, highlighting their superiority over intravenously administered ADSCs, 
particularly in the context of underlying chronic hepatitis.

Fig. 7.  The therapeutic mechanism of gelADSC. GelADSC contributed to liver regeneration post-hepatectomy 
through the upregulation of cytokine secretion, fatty acid oxidation, and cell cycle. In particular, extracellular 
vesicles released from ADSCs were significantly associated with cytokine secretion and fatty acid oxidation.
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Methods
Human ADSCs and FG preparation
Human ADSCs of fourth passage (Lonza Japan, Tokyo) were cultured at 37 °C in a 5% CO2 atmosphere for a few 
days. FG was purchased from CSL Behring (King of Prussia, PA, USA).

Assessment of cytokine secretion and survival of ADSCs in FG
In preparation of gelADSC, 1.0 × 106 ADSCs were mixed with 100 µL of 2-fold diluted fibrinogen concentrate. 
Subsequently, 100 µL of 2-fold diluted thrombin concentrate was added to the mixture of ADSCs and fibrinogen. 
First, to assess the ADSCs’ survival within FG, gelADSC was cultured for 7 days in DMEM (high glucose) with 
2% FBS. After formalin fixation, gelADSC was paraffin-embedded for H&E staining to evaluate morphology. 
TUNEL staining was utilized to assess the proportion of viable cells using an apoptosis kit (Medical Biological 
Lab, Nagoya, Japan). Optical microscopy (Keyence, Osaka, Japan) was used for examination of the images.

Furthermore, we evaluated the dynamics of cytokine secretion by gelADSC by culturing it in high-glucose 
DMEM containing 2% FBS until day 7. No medium change was performed during the incubation period. 
Supernatants were collected at five time points (days 1, 2, 3, 5, and 7). The control group consisted of ADSCs 
dispersed in high-glucose DMEM containing 2% FBS without the use of FG and underwent the same collection. 
The concentrations of VEGF, HGF, and SDF-1 per 1.0 × 105 ADSCs in the supernatants were evaluated by ELISA 
(Abcam). Then, to assess the unique environment within the FG, WB analysis of HIF-1α (Abcam) was performed 
using the samples obtained on days 3, 5, and 7.

Mouse hepatectomy models and ADSC administration
This study was approved by the Animal Experiments Committee, Osaka University (approval number 03-
001-003). Animal care was in accordance with institutional guidelines. The animal studies were conducted in 
accordance with the ARRIVE guidelines. Male 7-week-old C57BL/6 mice, which were purchased from Clea 
Japan (Tokyo, Japan), were acclimatized for 1 week before experiments and housed with a 12-hour dark/light 
cycle.

A 70% partial hepatectomy was performed as previously described, with the mice under general anesthesia 
using medetomidine, midazolam, and butorphanol32. In the gelADSC group (n = 5), FG containing 1.0 × 106 
ADSCs was attached to the remnant liver surface immediately after liver resection, whereas in the control 
group (n = 5), FG not containing ADSCs was placed on the remnant liver. In this study, the ivADSC group was 
prepared to evaluate the therapeutic effect of gelADSC in comparison with a conventional method to administer 
ADSCs. In the ivADSC group (n = 5), FG without ADSCs was placed on the liver and 1.0 × 106 ADSCs were 
dissolved in 100 µL of HBSS solution (Thermo Fisher Scientific, MA, USA) and were injected into a tail vein. 
90% partial hepatectomy was performed as a fatal hepatic failure model33. In this model, the survival of the mice 
was examined every 6 hours and compared between the gelADSC group (n = 16) and the control group (n = 16).

We also evaluated the effect of gelADSC on liver with chronic hepatitis. The mice were injected intraperitoneally 
with 150 mg/kg TAA twice a week for 5 weeks in accord with our previous report34. The liver fibrosis induced by 
TAA was confirmed by staining with Masson trichrome. A 70% partial hepatectomy was performed 2 to 3 days 
after the final TAA administration.

In each hepatectomy model, the liver and serum samples were collected and assessed at several time points. 
LTBR was measured after removing FG from the liver in order to exclude the weight of FG from the final 
measurements.

Cholesterol and triglyceride assays
Lipid was extracted from a mouse liver sample by the method of Folch et al.35. Triglyceride and cholesterol levels 
were measured using a LabAssay Triglyceride kit (Fujifilm Wako Shibayagi Corp., Gunma, Japan) and LabAssay 
Cholesterol kit (Fujifilm Wako Shibayagi Corp.), respectively, according to the manufacturer’s protocol.

Iron labeling and MRI evaluation
ADSCs were labeled with iron by overnight incubation in high-glucose DMEM containing ferucarbotran (25 µg 
Fe/mL) and poly-L-lysine (0.75 mg/mL)36. The iron labeling was confirmed by Berlin blue staining. The iron-
labeled ADSCs administered to mice were detected using 7T- MRI. All MRI experiments were performed on 
a horizontal 7T-MRI (PharmaScan 70/16 US, Bruker BioSpin, Ettlingen, Germany) equipped with a volume 
coil with a 30-mm inner diameter. T2WI was obtained with rapid acquisition with a relaxation enhancement 
(RARE) sequence. The sequence parameters were as follows: repetition time (TR) = 2300 ms, echo time (TE) = 33 
ms, the field of view (FOV) = 25.6 × 25.6 mm2, slice thickness = 1 mm, matrix size = 128 × 128, the number of 
averages = 1, and in-plane resolution = 200 × 200  μm2. The relative liver intensity on MRI was evaluated by 
dividing liver intensity by muscle intensity (Supplementary Fig. S4).

EV isolation from cell culture supernatants and mouse blood samples
EVs were isolated from cell culture supernatants and mouse blood samples as described previously37. The 
existence of EVs was confirmed by the use of WB to demonstrate the upregulated expression of several markers 
associated with EVs, including syntenin, TSG101, and ALIX (Abcam). First, we investigated the impact of FG 
on the secretion of EVs from ADSCs. 1.0 × 105 ADSCs were incubated with or without FG for 7 days using high-
glucose DMEM containing 2% FBS, and the culture supernatant was collected on days 1, 2, 3, 5, and 7. Next, we 
evaluated the impact of EVs on liver regeneration after hepatectomy by inhibiting EV release from ADSCs. A 
previous study reported that introducing ALIX-siRNA to ADSCs can inhibit their EV secretion13. The successful 
introduction of ALIX-siRNA (ADSCssiALIX) was confirmed by qPCR analysis and WB analysis. ADSCssiALIX 
were cultured for 48 h in Mesenchymal Stem Cell Growth Medium 2 (PromoCell, Heidelberg, Germany). After 
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a 48-hour incubation, the supernatant was subjected to ELISA analysis to evaluate cytokine secretion, and the 
cells (ADSCssiALIX) were embedded in FG (gelADSCsiALIX) and administered to 70%-hepatectomy model mice.

RT-PCR
Total RNA extraction and real-time RT-PCR was performed in accordance with our previous report34. Relative 
expression levels of mRNAs were determined as the ratio of specific mRNA to endogenous glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA. The primers used in the experiments are listed in Supplementary 
Table S1.

Western blot analysis
Total protein extracts were obtained in accordance with our previous report34. The primary antibodies included 
anti-HIF-1α, ALIX, TSG101, syntenin (Abcam), and CD63 (BD Biosciences), as well as an anti-β actin antibody 
(Sigma-Aldrich, Tokyo, Japan). The detection of the antigen–antibody complex was achieved using an ECL 
Prime Western Blotting Detection kit (GE Healthcare).

Histological analysis
The paraffin-embedded sections were stained with H&E or Masson’s trichrome, or were subjected to 
immunohistochemical labeling using antibodies for PCNA (Cell Signaling Technology [CST]), CD90 (CST), 
CD105 (Proteintech), hepatocyte-specific antigen (CST), and arginase-1 (CST) along with an LSABTM kit, a 
system for automated labeled streptavidin–biotinylated antibody immunostaining (both from DAKO, Glostrup, 
Denmark).

Statistical analysis
The data are presented as mean ± SDs. The means of continuous variables were compared using Student’s t test or 
analysis of variance followed by Tukey’s test. P-values < 0.05 were considered significant. All statistical analyses 
were calculated with JMP software (JMP, version 13.2.1).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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