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Abstract
The liver has multiple regeneration modes, including hepatocellular hypertrophy and self-renewal of hepatocytes. When 
hepatocyte proliferation is impaired, hepatic progenitor cells may proliferate through ductular reaction (DR), differentiate 
into hepatocytes, and contribute to fibrosis. However, the three-dimensional spatial relationship between DR and regen-
erating hepatocytes and dynamic changes in DR associated with fibrosis remain poorly understood. Here, we performed 
three-dimensional (3D) imaging of cleared 42 liver explants with chronic and acute liver diseases and 4 normal livers to 
visualize DR. In chronic hepatic liver diseases, such as viral hepatitis, steatohepatitis, autoimmune hepatitis, and cryptogenic 
cirrhosis, the total length and number of branches of DR showed a significant positive correlation. We studied the spatial 
relationship between DR and GS-expressing cells using glutamine synthetase (GS) and cytokeratin 19 (CK19) as markers 
of liver regeneration and DR, respectively. The percentage of CK19-positive cells that co-expressed GS was less than 10% 
in chronic liver diseases. In contrast, nearly one-third of CK19-positive cells co-expressed GS in acute liver diseases, and 
chronic cholestatic liver diseases, including primary biliary cholangitis and primary sclerosing cholangitis, showed no co-
expression. We also found that DR was longer and had more branching in livers with progressive fibrosis compared to those 
with regressive fibrosis. Our results suggest that DR displays varying degrees of spatial complexity and contribution to liver 
regeneration. DR may serve as hepatobiliary junctions that maintain continuity between hepatocytes and bile ducts rather 
than hepatocyte regeneration in chronic liver diseases.
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Abbreviations
DR	� Ductular reaction
3D	� Three-dimensional
2D	� Two-dimensional
GS	� Glutamine synthetase
CK	� Cytokeratin
DMSO	� Dimethyl sulfoxide
PBS	� Phosphate-buffered saline
DBE	� Dibenzyl ether
PSC	� Primary sclerosing cholangitis
PBC	� Primary biliary cholangitis

Introduction

Severe acute or chronic liver damage may lead to proliferation of 
hepatic progenitor cells (HPCs) that form pseudo ducts in a pro-
cess termed ductular reaction (DR) [1, 2]. While DR is associ-
ated with hepatocyte regeneration and may lead to liver fibrosis 
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after regeneration, a role for DR in these processes remains 
controversial [3–5]. For example, although DR contributes to 
hepatocyte regeneration in zebra-fish [6, 7] and mouse model [8, 
9] as well as in human diseases [2, 10–13], several studies that 
use cell lineage tracing analysis in mouse models have suggested 
that most hepatocytes regenerated after liver injury are derived 
from pre-existing hepatocytes [14, 15]. These conflicting results 
may stem from key differences that exist between animal models 
and human liver diseases, such as the duration of liver injury.

Previous studies on human liver tissues have primarily relied 
on two-dimensional (2D) or three-dimensional (3D) analysis 
based on the reconstruction of serial immunohistochemically 
labeled sections. However, physical sectioning of the tissue and 
reconstruction with alignment may artificially alter the structural 
relationship between key structures. Consequently, the precise 
3D structure of DR and its spatial relationship with regener-
ating liver cells remain little understood. Recent advances in 
tissue clearing and imaging microscopy have enabled detailed 
3D visualization of human tissues, including the pancreas and 
biliary tract, without sectioning [16–18]. These methods are 
superior to the reconstruction of serial immunohistochemically 
labeled sections because the continuity of bile ductules can be 
maintained and precisely visualized. Specifically, tissue clearing 
enables a reliable, quantitative assessment of the 3D structural 
relationship between bile ductules and hepatocytes. In our study, 
we determined the 3D architecture of DR and its spatial relation-
ship with regenerating liver cells as well as dynamic changes in 
DR associated with fibrosis in human chronic and acute liver 
diseases using cleared liver tissues.

Materials and methods

Patients and tissue collection

After approval from the Johns Hopkins Institutional 
Review Board, 46 slabs (20 × 1 × 5 mm) of liver tissues 

were obtained from patients who underwent liver trans-
plantation or partial hepatectomy for the treatment of 
metastatic colonic adenocarcinoma at the Johns Hopkins 
Hospital (Table 1). To be consistent in tissue collection, 
all liver tissues were obtained from the hilar area. Normal 
liver tissues that were adjacent to metastatic adenocarci-
noma were used as controls.

Fresh sample preparation

Fresh liver tissues were fixed for 24 h in 80% metha-
nol and 20% dimethyl sulfoxide (DMSO). The tissues 
were then fixed in 4% paraformaldehyde for 24 h at 4 °C 
then immersed in 25% N,N,N’,N’-tetrakis (2-hydroxy-
propyl) ethylenediamine solution (Millipore Sigma, St. 
Louis, MO, USA), 25% urea, 15% Triton X-100 (Mil-
lipore Sigma, St. Louis, MO, USA), and distilled water 
for 5 days at 37 °C to remove heme from hemoglobin 
[19]. Subsequently, tissues were washed three times with 
1 × phosphate-buffered saline (PBS) for 1 h at 37 °C. 
After washing, tissues were dehydrated using metha-
nol washes (one wash with 50%, 80%, and 90%, and 
two washes using 100% methanol). Tissues were then 
cooled for 1 h at 4 °C, incubated in 100% chloroform 
for 12 h at room temperature, and washed twice with 
100% methanol. Subsequently, 5% hydrogen peroxide 
was added, and tissues were incubated overnight at 4 °C 
to oxidize endogenous pigments and autofluorescent pro-
teins. Tissues were rehydrated through several washes 
(90%, 80%, and 50% methanol, followed by 1 × PBS) and 
washed twice for 1 h each in 1 × PBS/2% Triton X-100. 
Finally, tissues were incubated for 2 days in a permea-
bilization solution of 1 × PBS/20% DMSO/2% Triton 
X-100/0.3 mol/L glycine at 37 °C. Tissues were then 
incubated for 2 days in a blocking reagent consisting 
of 1 × PBS/0.2% Triton X-100/10% DMSO/6% donkey 
serum.

Table 1   Summary of liver 
samples

Acute liver failure 2

Chronic liver failure  40
  Hepatocyte damaged type

Autoimmune Hepatitis 5
Non-alcoholic Steatohepatitis 11
Alcoholic Hepatitis 6
Hepatis C virus 6
Hepatis B virus 3
Cryptogenic Cirrhosis 2

  Cholangiocyte damaged type
Primary Sclerosing Cholangitis (PSC) 5
Primary Biliary Colangitis (PBC) 2

Control 4
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Immunolabeling

Whole-mount immunolabeling was performed as pre-
viously described [16–18] using two primary antibod-
ies against CK19 (EP1580Y, rabbit monoclonal; final 
concentration, 1:200; Abcam, Cambridge, UK) and GS 
(mouse monoclonal, final concentration, 1:100, Abcam, 
Cambridge, UK). To enhance penetration of antibodies 
into liver tissues, the antibody concentration was gradually 
increased over 5 days. Centrifugal flow was also used to 
promote antibody penetration. During the 5-day antibody 
incubation perioid, tissues were repeatedly centrifuged for 
12 h at 500 × g followed by shaking for 12 h at 37 °C. After 
primary antibody application, tissues were washed five 
times with 1 × PBS/0.2% Tween-20 with 10-mg/mL hepa-
rin for 1 h each at room temperature and then incubated in 
Alexa Fluor 488-conjugated AffiniPure F(ab′)2 fragment 
donkey anti-rabbit IgG (Jackson ImmunoResearch) and 
cyanine 3-conjugated AffiniPure F(ab′)2 fragment donkey 
anti-mouse IgG (Jackson ImmunoResearch) for 4 days, 
protected from light. During this procedure, tissues were 
repeatedly centrifuged for 12 h at 500 × g, followed by 
shaking for 12 h at 37 °C. Tissues were then washed five 
times with 1 × PBS/0.2% Tween-20 with 10-mg/mL hepa-
rin for 1 h each at room temperature.

Tissue clearing

Tissues were dehydrated by several washes (once each with 
50%, 80%, and 90% methanol, followed by three washes with 
100% methanol) for 1 h each, followed by incubation with 66% 
dichloromethane/33% methanol for 3 h, and twice with 100% 
dichloromethane for 15 min. Finally, tissues were transferred to 
dibenzyl ether (DBE) overnight at 4 °C [20].

Tissue imaging

Cleared immunolabeled tissues were imaged using a Light 
Sheet Microscope (Ultramicroscope II; LaVision BioTec, 
Bielefeld, Germany) to obtain low-power views of larger 

tissue volumes. This microscope was equipped with a Neo 
sCMOS camera (Andor Technology, Belfast, UK) and a 
4 × objective lens immersed in DBE in the imaging chamber. 
A confocal laser scanning microscope (LSM800; Carl Zeiss, 
Jena, Germany) with 5 × , 10 × , and 20 × objectives was 
used to obtain more detailed images of smaller tissue vol-
umes using higher magnification lenses. Alexa 488 signals, 
indicating CK19 antibody labeling, were visualized using 
a bandpass filter set with an excitation range of 480/40 nm 
and an emission range of 421/50 nm. Cyanine 3 signals, 
indicating GS antibody labeling, were visualized using a 
filter set with excitation and emission ranges of 550/40 and 
570/50 nm, respectively. Surface rendering image and 3D 
constructions were performed using IMARIS software (Ver. 
9.4, Bitplane, Zurich, Switzerland).

Validation of cleared tissue observations

Tissues located adjacent to fresh liver tissues that were 
harvested for clearing were processed to create formalin-
fixed paraffin-embedded (FFPE) blocks, which were cut into 
4-µm thick sections and stained with hematoxylin and eosin 
(H&E) for microscopic examination. Masson’s trichrome 
staining was used to assess liver fibrosis. H&E and Masson’s 
trichrome staining of chronic liver tissues were evaluated by 
two pathologists (TY and KO) and classified into progres-
sive, intermediate, or regressive stages of fibrosis accord-
ing to the Beijing classification [21] (Fig. 1A–I, Table 2). 
Additionally, CK19 immunolabeling was performed on 
FFPE sections from the same patients to ensure that the DR 
captured on 3D images was comparable to DR represented 
on FFPE sections.

Pathological evaluation and statistical analysis

Surface rendering and filament tracer analysis of IMARIS 
software were used to observe and analyze the 3D morphol-
ogy of DR. Unit volume was determined by the diameter of 
cirrhotic nodule (R) and the formula R/2 × R/4 × R/8 (Suppl. 
Figure 1). The length and number of branching points of DR 
per unit volume were calculated through a filament tracer 

Table 2   Fibrosis staging  
of  chronic hepatic liver diseases 
by Beijing classification

Progressive Intermediate Regressive

Autoimmune Hepatitis (n = 5) 3 1 1
Non-alcoholic Steatohepatitis (n = 11) 11
Alcoholic Hepatitis (n = 6) 4 2
Hepatis C virus (n = 6) 4 1 1
Hepatis B virus (n = 3) 1 2
Cryptogenic Cirrhosis (n = 2) 2
Total (n = 33) 24 5 4
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Fig. 1   Chronic hepatic liver diseases with progressive, intermediate, 
and regressive stages of fibrosis. A, B, C Images of chronic hepatic 
liver disease with progressive fibrosis, D, E, F intermediate fibrosis, 
G, H, I and regressive fibrosis. H&E stain (A, D, G), Masson’s tri-
chrome stain (B, E, H), and CK19 stain (C, F, I) are shown. Scale 
bar represents 100 μm. J, K H&E and CK19 stains of chronic hepatic 

liver with progressive fibrosis. Red square indicates the area ana-
lyzed for DR. L 3D surface rendering image of DR. M 3D filament 
tracer image of DR. N Correlation between the length of DR and the 
number of branches. O Quantification of the length of the DR. For 
control, the length of the normal bile ductules is shown. *p < 0.05, 
**p < 0.01, ***p < 0.001
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analysis (Fig. 1J–M). Surface rendering analysis was per-
formed to measure the GS-expressing cell volume, and the 
relationship between the cell volume and DR length was ana-
lyzed. The volumes of GS and CK19 co-expression regions 
per unit volume were also measured using the IMARIS co-
localization software. Isolated bile ductules that expressed 

GS in perivenular areas were not included in analysis. Vari-
ables were compared using Kruskal–Wallis multiple com-
parisons with Dunn’s test. Spearman’s rank correlation test 
was used to evaluate the association between DR and overall 
GS-expressing cell volume. R statistical programming lan-
guage (http://r-​proje​ct.​org) was used for statistical analyses. 

Fig. 2   Structure of bile ducts 
in control liver. A H&E stain 
demonstrating the portal vein 
and interlobular bile ducts. B, C 
CK19 highlighting interlobular 
bile ducts in the portal triad. 
D 3D surface rendering image 
of bile ducts obtained from 
cleared liver tissue. E, F 3D 
surface rendering images of bile 
duct with branching. Scale bar 
represents 100 μm

Table 3   Co-expression rates of 
DR and GS

Co-expression cells 
(%)

Beijing Classification

Case 1 Autoimmune Hepatitis 1 ~ 5 Intermediate
Case 2 Non-alcoholic Steatohepatitis 1 ~ 5 Progressive
Case 3 Non-alcoholic Steatohepatitis 5 ~ 10 Progressive
Case 4 Non-alcoholic Steatohepatitis 5 ~ 10 Progressive
Case 5 Non-alcoholic Steatohepatitis  < 1 Progressive
Case 6 Non-alcoholic Steatohepatitis 1 ~ 5 Progressive
Case 7 Non-alcoholic Steatohepatitis 1 ~ 5 Progressive
Case 8 Alcoholic Hepatitis  < 1 Intermediate
Case 9 Hepatitis C virus  < 1 Intermediate
Case 10 Hepatitis B virus  < 1 Intermediate

http://r-project.org
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Results with p-values < 0.05 were considered statistically 
significant.

Results

3D analysis of normal intrahepatic bile ducts

To visualize the 3D structure of normal intrahepatic bile 
ducts, we examined liver tissues that were resected for the 
treatment of metastatic colon adenocarcinoma. Liver tis-
sues that were not involved by metastatic disease showed 
normal liver histologic features with no evidence of fibro-
sis or inflammation on routine 2D microscopy (Fig. 2A), 
and CK19 highlighted interlobular bile ducts at the center 
of the portal triad and ductules at the periphery of the 

portal triad. While 2D imaging did not reveal continuity 
of interlobular bile ducts to bile ductules (Fig. 2B, C), 3D 
imaging enabled visualization of branching of bile ducts 
(Fig. 2D). Surface rendering images showed that inter-
lobular bile ducts became narrower and more branched 
toward the periphery to become bile ductules (Fig. 2E, F, 
Suppl. Movie 1). Together, 3D analysis enabled detailed 
visualization of the interconnected network of bile duct-
ules with multiple branching points.

3D filament tracer analysis of DR

To examine whether the spatial complexity of DR is corre-
lated with the staging of fibrosis, we used CK19 as a marker 
of DR and performed filament tracer analysis to determine 

Fig. 3   Chronic hepatic liver diseases. A H&E stain. B CK19 stain 
highlighting DR. C Masson’s trichrome stain showing cirrhotic 
nodule. D 3D surface rendering image of DR and GS-positive cells 
(CK19, green; GS, red). E–H Serial 3D surface rendering images of 
DR and GS (images obtained every 9 μm). I, J 3D surface rendering 

images of DR and GS-expressing cells. Areas of co-expression are 
shown in silver. K 3D surface rendering image of GS and co-expres-
sion area. L 3D surface rendering image of co-expression area only. 
Scale bar represents 100 μm
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the length of DR and number of branches per unit volume in 
chronic hepatic liver diseases (Suppl. Figure 1). We found 
that these parameters were positively correlated (Fig. 1N), 
suggesting that longer DR is associated with increased 
spatial complexity. The length of DR was also compared 
among liver tissues with progressive, intermediate, and 
regressive stages of fibrosis as defined by the Beijing clas-
sification. DR was significantly longer in liver tissues with 
progressive and intermediate stages of fibrosis compared to 
the length of the normal bile ductules in the control group. 
Furthermore, DR was significantly longer in liver tissues 
with the progressive stage of fibrosis than the regressive 
stage of fibrosis (Fig. 1O).

Co‑expression of CK19 and GS in chronic hepatic 
liver diseases

To study the role of DR in liver regeneration, we evaluated liver 
tissues with chronic hepatic diseases for the co-expression of 
CK19 and GS, which were used as markers of DR and liver 
regeneration, respectively. Although DR was not readily identi-
fied by H&E or Masson’s trichrome staining, CK19 immunola-
beling highlighted DR in hepatic lobules with no visible tubular 
formation in 2D histologic sections (Fig. 3A-C). 3D imaging, 
on the other hand, revealed DR forming complex interconnected 
branches, and GS-positive cells, most of which were hepato-
cytes, were located near DR (Fig. 3D). Some cells that positive 

Fig. 4   Acute liver diseases. A, B H&E stain showing extensive hepat-
ocytes necrosis associated with DR and severe inflammation. C CK19 
stain highlighting exuberant DR. D 3D surface rendering image of 
DR and GS (CK19, green; GS, red). E–H Serial 3D surface rendering 
images of DR and GS (images obtained every 9 μm). I, J 3D surface 

rendering images of DR and GS-expressing cells. Areas of co-expres-
sion are shown in silver. K 3D surface rendering image of GS and co-
expression area. L 3D surface rendering image of co-expression area 
only. Scale bar represents 100 μm
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for GS also co-expressed CK19 (Fig. 3E-L, Suppl. Movie 2). 
Among 17 GS-positive cases, cells co-expressing CK19 and GS 
were identified in 10 cases (58.8%) with 0.23–9.5% of CK19-
positive cells co-expressing GS (Table 3). No apparent corre-
lation was identified between the presence of CK19 and GS 
expression and underlying diseases.

Co‑expression of CK19 and GS in acute and chronic 
cholestatic liver diseases

In livers with acute diseases, hepatic parenchyma showed 
extensive necrotic associated severe inf lammation 

(Fig.  4A,  B) and robust DR, as highlighted by CK19 
(Fig. 4C), in routine 2D histology. Visualization in 3D 
revealed that the branching of DR was more frequent com-
pared to DR observed in chronic hepatic liver diseases 
(Fig. 4D). GS-positive cells were located near DR, and 
many CK19-positive cells (30.2–32.4%) co-expressed GS 
(Fig. 4E-L, Suppl. Movie 3). These results suggest that DR 
contributes more to liver regeneration in acute liver diseases 
compared to chronic hepatic liver diseases. In addition, we 
analyzed livers with chronic cholestatic diseases, including 
5 cases of primary sclerosing cholangitis (PSC) and 2 cases 
of primary biliary cholangitis (PBC). GS-positive cells were 

Fig. 5   Chronic cholestatic liver diseases (primary sclerosing cholan-
gitis). A H&E stain. B CK19 stain highlighting DR. C Masson’s tri-
chrome stain showing cirrhotic nodule with extensive fibrosis. D 3D 
surface rendering image of DR revealing continuously elongated DR. 
E, F H&E and CK19 stains showing DR. G Masson’s trichrome stain 

highlighting fibrosis. H Higher power of H&E stain showing DR and 
bile stasis in the surrounding hepatocytes and canalicular space. I, J 
3D 3D surface rendering images of DR and GS-expressing cells. K 
3D surface rendering image of DR. L 3D surface rendering image of 
GS-expressing cells. Scale bar represents 100 μm
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identified in 2 out of 5 PSC cases and 2 out of 2 PBC cases. 
Although GS-expressing cells were located close to DR, 
GS and CK19 co-expression was not observed (Fig. 5A–L). 
Together, these findings suggest that liver regeneration in 
chronic cholestatic liver diseases is less mediated by DR 
compared to chronic hepatic liver diseases.

Discussion

Mechanisms underlying hepatocyte regeneration are com-
plex and remain poorly understood. Previous studies on 
hepatocyte regeneration revealed three key mechanisms: 
hepatocellular hypertrophy [22], self-renewal of hepato-
cytes [14, 15], and hepatocyte regeneration involving HPCs 
through a process called DR. Frequently associated with 
inflammation, DR refers to the histological expansion of 
epithelial cells that arise at the hepatocellular-biliary bound-
ary in the setting of hepatocytes injury [2, 3, 6–12]. Stud-
ies have demonstrated that HPCs are present in the canals 
of Hering in acute and chronic liver failures that occur in 
the setting of acetaminophen-induced massive necrosis and 
cirrhosis, respectively [3, 11, 12]. There is a significant cor-
relation between the number of HPCs and the extent of DR 
[4]. Notably, a prior 3D structure study on DR that relied on 
serial immunohistochemical stains showed that the canals of 
Hering contain HPCs [3]. In a more recent study, DR was 
shown to be critical for liver regeneration when hepatocytes 
undergo massive necrosis, whereas hepatocyte proliferation 
plays a larger role in mild liver injury [13]. However, the 
spatial relationship between DR and regenerating hepato-
cytes in different types and stages of liver injury remain 
little understood.

In our study, we utilized 3D imaging of cleared liver 
tissues to examine the role of DR in liver regeneration 
of multiple etiologies. First, we used 3D image analysis 
to calculate the percentage of CK19-positive cells that 
co-expressed GS to determine the frequency of DR in 
liver regeneration. GS is an enzyme normally expressed 
by hepatocytes surrounding the central veins. GS expres-
sion is associated with activation of the Wnt/β-catenin 
pathway [23, 24], and recent studies have shown that GS 
is a useful marker of liver regeneration and HPCs [12, 
25, 26]. In chronic hepatic liver diseases, GS-expressing 
cells were located near DR and consisted predominantly 
of hepatocytes. Only a small percentage (0.23–9.5%) of 
CK19-expressing cells co-expressed GS. These find-
ings are consistent with a recent study that utilized 
cell fate analysis in animal models to demonstrate that 
0.78–2.45% of regenerating hepatocytes are derived from 
HPCs [27]. Our results are also consistent with a prior 
study that demonstrated only a modest role for DR in 
liver regeneration in the setting of chronic injuries [28], 

in which DR may serve as hepatobiliary junctions that 
maintain continuity between hepatocytes and bile ducts 
rather than differentiating into hepatocytes.

In chronic cholestatic liver diseases, no cells co-
expressed CK19 and GS, and GS was primarily expressed 
by hepatocytes. These findings suggest that DR does not 
play a significant role in liver regeneration in chronic chole-
static liver diseases. In contrast to chronic liver diseases, 
significantly higher levels of CK19 and GS co-expression 
(30.2–32.4%) were observed in acute liver diseases. In acute 
liver failure with massive hepatic necrosis, HPCs as well 
as α-fetoprotein-positive acinar-arranged hepatocytes have 
previously been proposed to play a significant role in liver 
regeneration [12]. Our findings are supportive of the idea 
that DR has a major role in liver regeneration in the setting 
of acute liver diseases.

Furthermore, to understand the role of DR in different 
stages of fibrosis, we examined livers with chronic hepatic 
diseases and classified them according to the Beijing clas-
sification. Though liver fibrosis was once believed to be 
irreversible, advanced medical treatment has changed this 
concept. Increasing evidence shows that regression of fibro-
sis can occur in livers affected by chronic diseases, includ-
ing viral hepatitis and autoimmune hepatitis [21, 29]. Our 
results show that livers with progressive fibrosis have longer 
DR with more branching than those with regressive fibrosis. 
These findings support recent studies that demonstrated a 
correlation between DR and fibrosis and a potential role for 
DR in progressive periportal fibrosis [4, 30]. In combination 
with prior studies, our results suggest that DR is a dynamic 
process that may evolve during the various stages of fibrosis.

Our study has a few limitations. First, liver tissues were 
obtained from patients with advanced liver diseases requir-
ing transplantation. Therefore, changes that occur in the 
liver secondary to treatments and other factors, including 
infection and portal hypertension, may have influenced our 
results. In addition, our study did not evaluate the associa-
tion between DR and liver regeneration in the early stage of 
chronic and acute liver diseases. Furthermore, our analysis 
of acute liver failure was limited to two cases, and additional 
studies are necessary to further validate our results. Second, 
we focused our study on DR, but cells other than hepatocytes 
and HPCs, including macrophages [31] and bone marrow 
cells [32], have been implicated in mediating liver regenera-
tion. Third, we used small slabs of liver tissue measuring up 
to 20 mm for 3D studies. To ensure that these tissues were 
representative of the whole liver and to be consistent in our 
collection method, liver slabs were taken from only the hilar 
region of the explanted liver with diffuse disease involve-
ment. We also performed H&E and Masson’s trichrome 
stains on tissues that were adjacent to tissues harvested for 
clearing to ensure that histologic features observed on these 
stains were consistent with 3D findings.
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Taken together, our study elucidated 3D structural pro-
cesses underlying liver regeneration using tissue clearing 
technique. We reveal that DR contributes to liver regenera-
tion and fibrosis in varying degrees and provide a detailed 
3D understanding of the spatial relationship between DR 
and regenerating liver cells. Additional 3D-based studies on 
structural and molecular processes that orchestrate hepato-
cyte regeneration and fibrosis may enable identification of 
liver-intrinsic and extrinsic elements that can be targeted for 
therapeutic benefits.
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