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ABSTRACT

Liver resection causes marked perfusion alterations in the liver remnant both on the organ scale
(vascular anatomy) and on the microscale (sinusoidal blood flow on tissue level). These changes
in perfusion affect hepatic functions via direct alterations in blood supply and drainage, followed
by indirect changes of biomechanical tissue properties and cellular function.

Changes in blood flow impose compression, tension and shear forces on the liver tissue. These
forces are perceived by mechanosensors on parenchymal and non-parenchymal cells of the liver
and regulate cell-cell and cell-matrix interactions as well as cellular signaling and metabolism.
These interactions are key players in tissue growth and remodeling, a prerequisite to restore tissue
function after partial hepatectomy. Their dysregulation is associated with metabolic impairment
of the liver eventually leading to liver failure, a serious post-hepatectomy complication with high
morbidity and mortality. Though certain links are known, the overall functional change after liver
surgery is not understood due to complex feedback loops, non-linearities, spatial heterogeneities
and different time-scales of events.

Computational modeling is a unique approach to gain a better understanding of complex
biomedical systems. This approach allows (i) integration of heterogeneous data and knowledge
on multiple scales into a consistent view of how perfusion relates to hepatic function; (ii) testing
and generating hypotheses based on predictive models, which must be validated experimentally
and clinically. In the long term, computational modeling will (iii) support surgical planning by
predicting surgery-induced perfusion perturbations and their functional (metabolic) consequences;
and thereby (iv) allow minimizing surgical risks for the individual patient.

Here, we review the alterations of hepatic perfusion, biomechanical properties and function
associated with hepatectomy. Specifically, we provide an overview over the clinical problem,
preoperative diagnostics, functional imaging approaches, experimental approaches in animal
models, mechanoperception in the liver and impact on cellular metabolism, omics approaches
with a focus on transcriptomics, data integration and uncertainty analysis, and computational
modeling on multiple scales.

Finally, we provide a perspective on how multi-scale computational models, which couple
perfusion changes to hepatic function, could become part of clinical workflows to predict and
optimize patient outcome after complex liver surgery.

Keywords: liver surgery, perfusion, hepatic function, multi-scale modeling, regeneration
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1 INTRODUCTION

Liver resection, i.e., removal of part of the liver, is the most important procedure in liver surgery. In Germany,
more than 20,000 liver resections are performed annually (Filmann et al., [2019). Due to demographic
changes, the incidence of primary and secondary liver tumors increases as patient’s age. In parallel, the risk
of liver surgery increases due to age-associated preexisting liver disease and other comorbidities that affect
blood flow to the liver, such as cardiovascular disease.

Extended liver resection remains a high risk procedure, as potential postoperative hepatic dysfunction
and eventual liver failure can lead to patient morbidity and even mortality. Removal of large parts of the
liver not only poses a high regenerative challenge but also imposes a high metabolic load on the liver
remnant (Ray et al., [2018). First, the loss of liver mass impairs the function of the remnant liver through
portal hypertension (increase of pressure in the portal venous system) and hyperperfusion (increased
perfusion). Both are unavoidable consequences of removing not only hepatic parenchyma but also the
vascular bed. Second, extended liver resection compromises hepatic perfusion because of the mismatch
between the two supplying portal veins and three draining hepatic veins. Transection of hepatic parenchyma
inevitably leads to an impairment of either supply or drainage in the corresponding hepatic region. In
addition, the surgical procedure itself carries functional risks (e.g. ischemia-reperfusion injury).

Current preoperative diagnostics allows a detailed anatomical and functional assessment of the liver. As part
of the clinical routine, the location of the tumor to be resected is visualized in the context of the patient’s
vascular anatomy. In case of extended resection, hepatic hemodynamics, consisting of measurement of
portal venous flow and pressure is assessed additionally. Furthermore, selected metabolic functions of the
liver indicative of the overall function of the liver (e.g. LiIMAX or indocyanine green (ICG) clearance) are
usually quantified.

However, current preoperative diagnostics have distinct limitations. Despite high-quality imaging, precise
determination of hepatic hemodynamics and sophisticated functional assays, the spatial resolution of
specific hepatic functions is still rather low. Although it is known that liver perfusion and function are
closely related (Takahashi et al., 2014), it is currently not possible to quantify this relationship, neither for
the whole liver nor for a defined liver lobe.

Changes in blood flow affect transport to and from regions of the liver (macroscale), in turn changing
gradients of oxygen and nutrients in the lobulus and sinusoid (micro-scale), and thus directly impacting
metabolic functions. Furthermore, changes in blood flow impose traction, tension and shear forces on
liver tissue. Metabolic consequences of those mechanical forces cannot yet be determined, because the
molecular links between perfusion and function are unknown. Although perfusion changes are likely sensed
via mechanosensors that transmit mechanical forces into the cell, the link to hepatic metabolism is largely
elusive.

The liver is the only parenchymal organ capable of near complete regeneration in response to tissue loss.
Loss of liver mass by liver resection initiates liver regeneration and tissue remodeling, both necessary
to restore tissue homeostasis and volume. Although the physiology and molecular mechanisms involved
in liver regeneration have been studied for many years, prediction of the course and outcome of liver
regeneration for individual patients is still not possible.

The perfusion-associated mechanical forces are crucial for tissue regeneration and remodeling. Both,
regeneration and remodeling, are ultimate prerequisites for restoring tissue homeostasis after partial
hepatectomy. The molecular basis of functional changes after liver surgery is not well understood because

Frontiers 3



74
75
76
77
78

79
80
81

82
83
84
85
86

87
88
89
90
91
92
93

94

95
96
97
98

99
100
101
102
103

104
105
106
107
108
109

110
111
112
113

Bruno Christ et al. Modelling perfusion/function in liver surgery

of complex feedback loops, non-linearities, spatial heterogeneities, and different time-scales of events. This
complexity requires novel approaches to relate surgically induced alterations in liver perfusion to hepatic
metabolic functions. A better understanding of perfusion-function relationships hence is needed to improve
preoperative diagnostic and risk assessment. This would allow us to identify patients who bene t most
from surgery and those at increased risk for complications.

Systems medicine using multi-scale computational modeling is a unique approach to gain a better
understanding of complex biomedical systems, such as the perfusion-function relationship after
hepatectomy.

To improve patient-speci ¢ risk assessment in the context of liver surgery, computational modeling aims to
() integrate heterogeneous data and knowledge at multiple scales about how perfusion connects to hepati
function, (ii) generate hypotheses based on integrated models (which need to be validated experimentall
and related to clinical data), (iii) support surgical planning by predicting surgically induced perfusion
perturbations and their functional (metabolic) consequences, and (iv) minimize surgical risk for the patient.

In this review, we will delineate the relationships between alterations in hepatic perfusion and their

consequences for hepatic functions in the context of liver surgery, using hepatectomy as an example. Firs
we provide an overview of the current knowledge and available tools in clinical and experimental settings.
Second, we will discuss how computational models and systems medicine approaches can contribute to

better understanding of the complex perfusion-function interactions. We end with a perspective on how
such a systems medicine approach based on multiscale predictive models can be incorporated into th
clinical decision-making process.

2 CLINICAL AND EXPERIMENTAL PART
2.1 Clinical problem

The term liver resection does not refer to a single surgical procedure, but comprises a wide spectrum o
procedures that differ in their respective surgical strategy and technique. Two key surgical strategies are
currently in use: Conventional (single-stage) hepatectomies and, for critical extended liver resections.
multiple two-stage procedures.

Conventional liver resections involve the removal of one or more anatomically de ned liver segments,

de ned as the hepatic territory supplied by the corresponding portal venous branch. Removal of liver

segments requires transection of the hepatic parenchyma. Surgical techniques have been developed
minimize the tissue and vascular damage associated with transection in order to preserve the viability anc
perfusion of the adjacent liver tissue.

Two-stage hepatectomy is performed when the volume and expected function of the future liver remnant is
considered too small to maintain vital metabolic functions for the patient. In the rst step, the portal vein
branches of the tumor-bearing liver lobe are occluded. Occlusion causes atrophy of the corresponding livel
lobe. To compensate for this reduction in functional liver tissue, the volume of the non-ligated liver lobule
increases substantially. Once compensatory hypertrophy of the future remnant liver is deemed suf cient to
maintain the life-saving functions, the atrophied tumor bearing lobe is resected during the second step.

However, frequently the liver does not regenerate suf ciently because preexisting liver conditions such
as steatosis, brosis or cholestasis impair the course of regeneration. Furthermore, simple portal vein
occlusion without parenchymal transection often leads to a compensatory ow redistribution via existing
porto-portal shunts, which reduces the ef cacy of this strategy (Deall et al., 2018).
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To prevent collateral formation, a novel procedure called associating liver partition and portal vein ligation
for staged hepatectompLPP§ has been developed (Schnitzbauer et al., 2012). Here, portal vein occlusion

Is combined with transection of the hepatic parenchyma in the rst step, followed by removal of the already
mobilized and transected portally deprived liver lobe in the second step. However, in two-stage hepatectomy,
the patient must undergo two major operations within a short time period of 7 to 10 days. Therefore, the
indication for this complex procedure is taken with even greater caution.

2.2 Preoperative diagnostics

Currently, there is no generally accepted standard for preoperative diagnostics prior to partial liver resection
regarding liver anatomy, technical operability, liver volume and function.

2.2.1 Liver anatomy, technical aspects and volume assessment

The minimum requirements are de ned in national guidelines. For Germany, the S3 guideline recommends
ultrasound of the liver and multiphase contrast-enhanced computed tomog@ihy @ssess technical
operability and to evaluate the expected remnant liver volume and overall parenchymal quality. If there
is doubt about the technical operability, more detailed imaging such as additional magnetic resonance
imaging MRI) with liver-speci ¢ contrast agent (Wang et al., 2021a; Geisel et al., 2017; Barth et al., 2016)

is recommended. However, all contrast-enhanced techni@iesvRIl and ultrasoundyS)) represent
volume-based procedures and are limited in their predictive power of postoperative organ function.

2.2.2 Liver function assessment

In daily clinical routine, most centers rely on standard laboratory parameters covering different aspects
of hepatic function to assess overall liver function. Liver enzyme release is taken as an indicator of
hepatocellular injury, bilirubin as a marker of excretory function, and serum cholinestekiSg &lbumin

and clotting factors as parameters of hepatic protein synthesis. However, this approach has some pitfalls
Although these parameters indicate the condition and main functions of the liver (injury, detoxi cation,
protein synthesis), none of them is considered a reliable marker to quantify either functional hepatic reserve
or liver dysfunction in critically ill patients (Nista et al., 2004; Bonfrate et al., 2015). Furthermore, these
parameters provide only a static snapshot of liver function.

Currently, additional liver function tests are used in selected hepatobiliary centers prior to complex
resections: global liver function assays suchs-clearance and the LiIMAx-Assay as well as spatially
resolved imaging technologies such as scintigraphy with radiolabeled tracers (e.g. mebrofenin-scintigraphy)
and contrast-enhanc@&dRI. All four provide more detailed insight into liver function (metabolism and/or
excretion) by re ecting the dynamic elimination of the test substance from the body.

ICG based liver function testing such as Indocyanine green plasma disappearanseGaibR and
ICG-R15 is an established clinical tool for the assessment of liver function and perfusion. It is the most
commonly used dynamic liver function test performed at bedside. After intravenous injdCi®ns
selectively taken up by hepatocytes and excreted into bile. The test is performed using transcutaneou:
pulse-densitometry, a non-invasive ngertip method, and provides results within 6-8@@rkinetics can

be a reliable indicator in the context of liver surgd§G-clearance successfully predicted postoperative
mortality in cirrhotic patients undergoing hepatic resection unlike other parameters (Hemming et al.,
1992) and is a very good prognostic marker for liver failure after hepatectomy (Nonami et al., 1999).
Preoperatively impairetCG results are signi cantly associated with postoperative liver dysfunction and
may predict poor outcome on postoperative day 1 (Haegele et al., 2016).
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The LIMAX test is based on the indirect determination of cytochrome PZ®P) 1A2 activity in
hepatocytes. After i.v. injection 3fC-methacetin, th€ YP1A2 system metabolizes the substance into
paracetamol antfCO,. Using the spectral laser technique, the ratid3f0,/12CO, can be determined

via a breath test. The kinetics bICO, appearance in the expired air thereby indicates the relative liver
function (Rubin et al., 2017). The LiMAX test has been applied to predict postoperative outcome after
hepatectomy (Stockmann et al., 2009). Post-hepatectomy liver failure and related mortality could be
reduced after implementation of a preoperative LiIMAX-based patient selection algorithm (Jara et al.,
2015). Furthermore, LIMAX has been applied to follow restoration of functional capacity after partial
liver resection (Bednarsch et al., 2016; Lock et al., 2012). The prediction of future liver remnant function
via LiIMAX highly correlated with future liver volume, and can thus be used to estimate postoperative
morbidity (Bluthner et al., 2020).

Scintigraphy-based imaging techniques exploit the speci ¢ properties of different tracers. Hepatobiliary
mebrofenin scintigraphy HBS) allows determination of the specic hepatic extraction fraction
(HEF) (Gupta et al., 2018). For this purpose, technetium (99mTc) mebrofenin is applied intravenously
before liver scintigraphy is performed. Mebrofenin is transported into hepatocytes via speci ¢ transporter
proteins (OATP1B1 and OATP1B3) (Ghibellini et al., 2008) and excreted into the bile canaliculi by
multidrug resistance protein RIDRP2) (Hendrikse et al., 2004). In liver areas with higliEF, a stronger

signal can be detected than in areas with lé&F. The advantage of this method comparetG& and

LiIMAX is the spatial resolution, albeit very coarse. MebrofeRiBS has shown a strong correlation

with 15 minICG clearance (Erdogan et al., 2004). MebrofeHIBS has been applied to evaluate liver
function in hepatectomy (Dinant et al., 2007; de Graaf et al., 2010; Bennink et al., 2004) and showed a
strong correlation between preoperative remnant liver function and the actual 1-day post-hepatectomy
measurement (Bennink et al., 2004).

Other functional tracer-based imaging technologies used to quantify liver function include single-photon
emission-computed tomographf$RECT) and positron emission tomograpt®ET). SPECTis a nuclear
imaging scan that integrat€sl and a radioactive tracer such as sulfur colloid. Uptake of the tracer by the
liver is an indicator of hepatic functioRETalso estimates liver function based on the uptake and clearance
of different radioactive positron-emitting tracers (e.g., FDGal) (Keiding et al., 2018; Bak-Fredslund et al.,
2017) and has been applied to predict postoperative liver function (Cho et al., 2017).

MRI is a non-ionizing imaging technique routinely used to detect hepatic tumors (Liu et al., 2017). More
detailed analysis of the time course of the liver-speci ¢ contrast agent Gd-EOB-DTPA also allows to assess
liver function by imaging its spatially resolved uptake and excretion into the bile by the hepatocytes (Wang
et al., 2021a). Dynamic Gd-EOB-DTPA imaging has been applied to evaluate preoperative remnant liver
function and post-hepatectomy outcome (Wang et al., 2021b; Yoon et al., 2016; Araki et al., 2020; Kim
et al., 2018; Chuang et al., 2018; Itoh et al., 2017; Asenbaum et al., 2018).

2.3 Surrogate approaches to assess liver function
2.3.1 Assessment of liver stiffness

Liver diseases not only affect hepatic function, but also lead to morphological changes, which in turn
alter the mechanical properties of the tissue. Most diseases lead to increased stiffness of the tissue, e.
liver brosis results in enhanced stiffness due to an increased extracellular nia@)((Wells, 2005;

Li et al., 2020b). Recently, hepatic elastography has gained attention, a medical imaging modality that
relies on sound waves or forced tissue vibrations to measure tissue elastic properties and stiffness. It can b
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performed in combination witk)S or MRI. Correlations exist between liver elasticity and liver functional
reserve, as demonstrated with ICG (Sugiura et al., 2019) or LiIMAX (Heucke et al., 2019).

Clinically, a variety ofUS elastography methods have been developed. Shear wave elasto@#ipy (
and acoustic radiation force impuls&RFI) are the dominant methods in clinics today, offering integration
with other advanced US imaging modalities (Ferraioli, 2019).

Alternatively, by using an external vibration generator, elastography can be performddRlitiCurrent
literature generally attributes higher diagnostic performance and fewer technical faililéd mompared

to US methods (Yin and Venkatesh, 2018). Magnetic resonakié®) elastography also has great potential

to further develop new multiparametric methods to distinguish processes like in ammation, brosis, venous
congestion and portal hypertension (Frydrychowicz et al., 2017; Leung et al., 2018; Palaniyappan et al.,
2016; Roldn-Alzate et al., 2015; Yin et al., 2017). In the evaluation of non-alcoholic fatty liver disease
(NAFLD), MRI has the added advantage of providing an independent method for fat quanti cation (Zhang
et al., 2018)MR elastography has successfully been used to predict outcome after hepatectomy (Sato et al.,
2018; Lee et al., 2017) and regeneration capacity (Jang et al., 2017).

2.3.2 Quanti cation of intrahepatic fat

A clinically frequently observed pathological liver condition that affects liver perfusion, function, and
recovery is hepatic steatosis. Hepatic steatosis as assessed by routine predyiatigs been shown to

be an independent risk factor of severe postoperative complications after major liver resection (d'Assignies
etal., 2016).

While US, CT andMRI can be used to assess hepatic steatosis in vivo, proton-density fat fr&ifibR)(
determination wittMRI is currently the most accurate imaging modality for quanti cation (Zhang et al.,
2018; Troelstra et al., 2021).

2.3.3 Assessment of hemodynamics and perfusion

Preoperative assessment of hemodynamics and perfusion relies mainly on noninvasive technologies
whereas intraoperative assessment is also performed with direct invasive techniques. The two main
noninvasive technologie$)S andMRI, can quantify blood ow in the major supplying and draining
vessels of the liver (Yzet et al., 2010; Chouhan et al., 2017). Dopjfaypically provides localized,
dynamic ow measurements.

Similar to water-fat quanti cation, the evaluation and quanti cation of tissue perfusion Mith has a

long history (Rinck et al., 1984; Rosen et al., 1990). Perfusion is de ned here as blood delivery at the
capillary level. Over the years, two main perfusidiRl approaches have been developed. The rst uses an
exogenous contrast agent (Jahng et al., 2014) and includes dynamic susceptibility contrd35K2RRI)

and dynamic contrast-enhanced MRIGE-MRI) (Leporq et al., 2018; Weiss et al., 2019CE-MRI
techniques allows quantitative characterization of parenchymal and (lesion) microcirculatory changes (Thng
et al., 2010) and investigation of liver damage (Byk et al., 2016; Lu et al., 2017). The second group refers
to arterial spin-labelingASL) (Williams et al., 1992), which uses magnetically labeled blood itself as an
endogenous tracer and measures its tissue accumulation (Johnson et al., 2016), and, by applying differen
carefully placed labeling planes, arterial and portal perfusion can be assessed separately (Martirosian et al
2019).

Invasive assessment of hepatic hemodynamics involves direct measurement of portal and hepatic arteria
ow rates using theUS Doppler technology. Determination of portal pressure requires placement of
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a pressure sensor in the vessel of interest. Another valuable parameter is the hepatic vein pressur
gradient HVPG) usually measured by inserting a balloon catheter into a branch of the hepatic vein via the
jugular vein. HVPG has been applied in the context of hepatectomy showing an association of outcome with
preoperativeHVPG and a cutoff oHVPG < 10 mmHg was proposed (Boleslawski et al., 2012; Cucchetti

et al., 2016). While progress has been made in noninvasive assessment of portal hypertension (Gouya et a
2016) it remains a clinical challenge (Wan et al., 2021).

2.3.4 Assessment of tissue density by DWI

Diffusion weighted imaging@WI) is anMRI technique, which is sensitive to the mobility of water
molecules in tissue and therefore can provide insight into local tissue changes. Sheng et al. demonstrated th:
DWI can detect and distinguish microstructural tissue changes daitiRg Sand portal vein ligationRVL)
procedures (Sheng et al., 201B)VI has been applied to assess hepatic ischemia and reperfusion injury (Lu
et al., 2017) and to predict survival after partial hepatectomy (Muhi et al., 2013).

In summary, the selection of a particular procedure for an individual patient is based on the results of the
extensive preoperative assessment. The diagnostic strategy in preoperative assessment is tailored to t
needs of the patient and follows the standards of the individual center. However, current approaches ar
limited since they do not allow for detailed spatially resolved assessment of liver function.

2.4 Experimental approaches in animal models
2.4.1 Historical overview

A main limitation for clinical research is the availability of tissue-based data. Human liver tissues can be
obtained during surgical procedures und by liver biopsy. For ethical reasons, patients cannot be subjecte
to repeated liver biopsies pre- and postoperatively. Therefore, animal experiments are important to bette
understand the pathophysiological mechanisms and processes governing liver surgery and liver regeneratia
(see Figure 1).

Experimental liver resection in small animals was rst performed by Higgins (1931). Originally, 70%
of the liver mass was removed after mass ligation of the wide stump of the median and left lateral
lobe of the rodent liver, resulting in impaired hepatic out ow and congestion of the remnant liver. With
re nement of the surgical techniques (see Table 1), the parenchyma-preserving vessel-oriented techniqu:
was established (Madrahimov et al., 2006). Avoidance of congestion and necrosis of the stumps allowec
survival of the rats even after extended 90% resection, which is lethal when using the mass ligation
technique. In contrast, additional ligation of portal vessel reduces the functional remnant liver mass and
prevents survival after 90% PHX.

A bit earlier, in 1920, the rst experiment&®VL was performed in rabbits by Rous and Larimore (1920).
Comparative studies revealed that the time course of liver regeneration after partial rese®tidn or
followed different kinetics. After simple hepatectomy, hepatocyte proliferation peaks on day 1 in rats and
on day 2 in mice (see Table 1) and declines rapidly thereafter. Within a week, the original liver mass is
restored.

In both models, the regenerating liver lobes are hyperperfused. However, in ¢dagk,dhe regenerative

need is initially much lower. Resection causes an immediate loss of function because a substantial amoun
of liver tissue is removed. In contragtVL only compromises function, as the portally deprived lobe is still
perfused with arterial blood and thus can contribute to the overall liver function. Therefore, hepatocyte
proliferation aftefPVL in rats peaks later, on postoperative day 2, but lasts for several days&Garez
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Figure 1. Surgical procedures. A: Open situs with liver (encircled in orange). B: 70% portal vein ligation.
Note the slightly darker color of the ligated median and left lateral lobe (encircled in grey) compared
to the fresh color of the right and upper caudate lobe (encircled in orange) C: 70% partial hepatectomy.
Note the stump (encircled in white) above the right lobes (encircled in orange). D: Combined 20% partial
hepatectomy with 70% portal vein ligation: Note the dark color of the portally ligated median and left
lateral lobe (encircled in grey), the fresh red color of the upper caudate lobe (encircled in orange) and the
stumps from the right lobes (encircled in white). LLL left lateral lobe, ML median lobe, RL right lobe, ClI
upper caudate lobe, RK right kidney, (LLL), (ML), (RL) stumps of the respective lobe.

et al. (2015); Rozga et al. (1986). Along with the development of hepatic atrophy, the regenerative need
increases, leading to a reduced but prolonged regenerative response (see Table 2).

Several combined procedures were introduced to better understand regulation of liver regeneration
Sequential procedures include repeated hepatectomy and 2P3tage elucidate the proliferative capacity

of the regenerating liver (Saito et al., 2006; Sugimoto et al., 2009). The impact of obstructive jaundice on
liver regeneration was studied by rst performing bile duct ligation one week prior to liver resection (li
2014). Different models of 2-stage hepatectomy (e.g. Fo%k with (ALPPS or without transection of the
median lobe followed by partial hepatectonBHX) of atrophied liver lobes) were developed to better assess
the impact of preventing collateral formation (Garéerez et al., 2015; Wei et al., 2020). Here actually,

the development of animal model only happened after introducing the procedure into clinic (Schnitzbauer
etal., 2012).

However, liver resections and portal occlusions were also combined with other interventions to better
understand factors affecting hepatocyte proliferation and liver regeneration. This includes interventions
affecting hepatic perfusion such as right median hepatic vein ligation (Dirsch et al., 2008a; Huang et al.,
2014). For better understanding the impact of additional damage of the portally ligated lobe, bile duct
ligation was performed resulting in increased regeneration of the future remnan&y. A similar

effect on regeneration of tHeLR was observed when inducing congestion of the portally ligated lobe
by performing an additional ligation of left lateral hepatic vein together Wikth.. Combination of an
additional resection witPVL induced hepatocyte proliferation in the portally deprived liver lobe (Wei et al.,
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2020). In conclusion, the wide spectrum of surgical models, which emerged over the years, is very useful
to investigate the different facets of liver regeneration and the underlying complex pathophysiological
mechanism, see Table 2.

2.5 Regulatory molecular networks in regeneration

In the past, animal models of liver resection were mainly used to study the molecular mechanism underlying
the course of liver regeneration (see Table 3). Many experimental studies focused on the exploration of
single molecular pathways governing central processes such as proliferation, in ammation, angiogenesis
(“vessel formation process”), and recently also autophagy (cell survival process) involved in regeneration by
classical interventional studies. Speci ¢ blocking and re-introducing of selected molecules was performed
to elucidate the relevance of the selected molecules for liver regeneration.

2.6 Interaction between regeneration and metabolism

Metabolic pathways regulating energy homeostasis are of key importance for regeneration. Their role was
investigated performing liver resection predominantly in knockout models, see Table 4. As an example,
lack of sirtuin and PPAR reduced energy metabolism and inhibited regeneration (Liu et al., 2013,
2019). In contrast, lack of PTEN and aldolase reductase increased energy metabolism and induced live
regeneration (Kachaylo et al., 2017; Li et al., 2020a).

2.7 Hepatic hemodynamics and microcirculation

Few studies were dedicated to exploring hepatic hemodynamics and microcirculation in small animals
subjected to different hepatobiliary procedures, as shown in Table 5. They are mainly of descriptive
nature. This might be partially due to the technical dif culty in assessing hepatic hemodynamics and
microcirculation in small animal models. Assessment of hepatic hemodynamics can be performed in
rats using standard equipment (uid lled catheter and ultrasound ow probes). The same procedure
is also feasible in mice (Xie et al., 2016), but more challenging due to the small size. Both, portal
pressure and portal venous blood ow per liver weight in small animals are comparable to humans.
Resection respectively portal vein occlusion induce portal hypertension, hepatic hyperperfusion and in
humans also focal out ow obstruction. Some experimental studies focused on describing and modulating
resection-induced impairment of hepatic hemodynamics. Fewer studies aim for interfering by surgical or
pharmacological interventions (e.g splenectomy, drug treatment). Good examples are the reports fron
Huang (2014) and Arlt (2017) who both used a rat model of F}¥& combined with right median hepatic

vein ligation. This combined procedure mimicks resection- associated focal out ow obstruction due to
transection of hepatic veins. The group around Dahmen explored the impact of several interventions (e.g
application of vasoactive drugs like Molsidomine, L-NAME) on the formation of sinusoidal vascular canals
during the spontaneous recovery process from focal out ow obstruction (Arlt et al., 2017).

For assessment of hepatic microcirculation two different technologies are commonly used: intravital
microscopy using uorescent labeled dyes and dark eld microscopy. Intravital microscopy is frequently
performed in animal experiments. It allows the assessment of uidic ow based on the injection of
uorescent albumin, but also intravascular labeled blood cells labeled as well as the migration of blood
derived cells into the hepatic parenchyma. However, due to required injection of uorescently labeled
molecules or cells, it is not applied clinically. Dark eld microscopy does also allow the quanti cation of
blood ow velocity (Dahmen et al., 2007) and has occasionally been applied in clinical studies (Puhl et al.,
2003).
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In summary, a multitude of experimental approaches was developed to investigate regulatory processe:
in liver regeneration after partial hepatectomy. However, few studies were designed for a comprehensive
evaluation of the interplay between physical challenges, perfusion changes, their recognition by
mechanoperception and the impact on regeneration and metabolism.

2.8 Mechanoperception in the liver and impact on cellular metabolism
2.8.1 Hemodynamic changes after partial hepatectomy may trigger liver regeneration

Liver regeneration to restore tissue loss after surgical removal or toxic insult, is achieved by the proliferation
of both parenchymal and non-parenchymal cells of the liver. In case of loss &&troliferation of
hepatic cells is distributed all over the parenchyma and the factors initiating and perpetuating liver cell
proliferation during regeneration have been described (Michalopoulos, 2017). However, the primary trigger
sensing the parenchymal loss remains largely elusive.

Hepatectomy markedly changes blood ow in the remnant liver featuring, e.g., portal hypertension and
arterial hypoperfusion. Experimental evidence suggested that ow changes may regulate regeneration. As
an example, in pigs, the increase in total hepatic ow after partial hepatectomy preceded the increase in liver
regeneration. Changes in hepatic ow correlated with the degree of liver mass loss resulting in a 2-3-fold
increase in hepatic perfusion and a 10-30% increase in portal pressure, thus suggesting a quantitativ:
relationship (Kahn et al., 1984; Dahmen et al., 2007).

The surgery-induced increase in portal ow seems to be crucial for regeneration. Liver regeneration
was hampered in dogs when a portocaval shunt, reducing portal blood ow, was added to hepatectomy
(Mann et al., 1931). Patients with poor clinical outcome displayed a signi cant decrease of portal ow
during extensive hepatectomy suggesting that an adequate rise in portal ow is essential for hepatic
regeneration (Kawasaki et al., 1991). Similarly, post-hepatectomy outcome improved in patients featuring
higher portal ow postoperatively. Functional improvements like bilirubin levels and hepatic growth rate
correlated with mean portal ow velocity (Kin et al., 1994; Hou et al., 2018). In humans, portal blood
ow in the remnant portal branches after partial hepatectomy was distributed inhomogenously as was the
distribution of hepatocyte proliferation, suggesting a causal relationship between heterogeneous distribution
of portal blood ow and regeneration (limuro et al., 2013).

Yet, there is some evidence against portal blood ow being the only regulator of liver regeneration. Minor
(10-30%) removal of liver mass results only in a marginal regenerative response, suggesting that a thresholc
change in portal blood ow is needed to initiate an appropriate compensatory growth (Abshagen et al.,
2012a). Moreover, liver regeneration may occur even in the absence of portal ow. Despite ligation of
the portal branch, a moderate proliferative response was observed in the corresponding ligated liver lobe
especially after an additional liver resection (Weinbren, 1955).

Although portal hyperperfusion might not be indispensable, the importance of ow-related mechanical
forces has been shown repeatedly. Mechanical in ictions induced by ow changes may play a major role
in both the initiation and the termination of liver regeneration (Song et al., 2017). This is corroborated
by the inverse quantitative correlations between the increase in portal blood ow and the remnant liver
volume, which is accompanied by the increase in hepatic shear stress stimulating liver mass restoratior
Likely, the increase of the blood ow-to-liver mass-ratio immediately aRétx and the resulting increased
intrahepatic shear stress stimulate and regulate liver regeneration (Nobuoka et al., 2006; Sato et al., 199¢
Schoen et al., 2001; Niiya et al., 1999). Conversely, reduction of shear stress in the liver by portocaval
shunts resulted in liver atrophy (Sato et al., 1997; Abshagen et al., 2012b).
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2.8.2 Changes in haemodynamics may be sensed and trigger cellular responses

Changes in blood ow impose forces on the liver tissue. Since the hepatic sinusoids are likely the
rst to sense changes in hepatic ow, the sinusoidal endothelium may play a major role in transducing
these forces (Shu et al., 2021). This is supported by the hierarchical topology of the hepatic sinusoids
involving cell-cell and cell-matrix interactions. Hepatocytes communicate directly with the sinusoids via
the ECM. TheECM is connecting the extraluminal side of endothelial cells and the sinusoidal face of
hepatocytes thereby bridging the space of Disse. Indirect communication connects cells in the space a
Disse like hepatic stellate cellsl§C) via theECM to endothelial cells, and in turn hepatic stellate cells

to hepatocytes. Direct cell-cell contacts between adjacent hepatocytes maintain epithelial hepatocyte t
hepatocyte communication (Kang, 2020).

Cellular adhesion molecules, which transmit mechanical forces into cells, mediate cellular contacts to
the ECM or to neighbouring cells. In focal adhesion contacts, integrins connect cells aB@eand

serve as receptors for components of B@M like bronectin and collagens. Mechanical challenges

of the ECM induce conformational changes in the integrin chains, followed by integrin clustering and
intracellular activation of signaling pathways comprising the activation of, e.g., Focal adhesion kinase
(FAK), phospholipase C, and phosphoinositide 3-kind&d8K) and others (Alexius, 1991). Besides
transmission of mechanical forces imposed to B@M, integrins transmit intrinsic properties of the
ECM to anchored cells. In the healthy liver, quiescei®Cs and sinusoidal endothelial cells create a
homeostaticCM of relatively low stiffness in the space of Disse, which is necessary for hepatocyte
function linked to normal hepatocyte polarity {(féch, 2014). In the brotic liver, activated stellate cells
produceECM featuring augmented stiffness impacting on hepatocyte polarity and function. Transforming
growth factor (TGF- ), the major mediator of liver brosis, is activated by release from its latent
integrin-associated form, thus responding to any conformational changeB€Cteeither triggered by
mechanical challenges or by changes of @M composition and stiffness (Hintermann and Christen,
2019).

Major cell adhesion molecules comprise E- and N-cadherin. In the rodent liver, E-cadherin is expressed in
periportal areas, while N-cadherin is expressed all over the parenchyma (see Figure 2). By homodimeric
binding of the extracellular domains of cadherins on adjacent cells, they form adherens junctions, which link
the junction complex to the cytoskeleton by connecting the intracellular domains of the cadherins via p120,

-catenin and -catenin to actin. Thus, physical forces as likewise induced by sinusoidal ow changes
impact on cellular behavior in respect to proliferation, differentiation and tissue homeostasis (Buckley et al.,
2014); kyoto encyclopedia of genes and genori&s3G) pathway entry: hsa04520. Further, changes of
mechanical forces outside of the cell are transmitted into the cell by the tight junction complex comprising
occludins, claudins and junctional adhesion molecuw@d/A). These may couple to the actin lament
system via interactions witBO. The tight junction complex may activate intracellular signaling pathways
via protein kinase CRKC), PI3K and others impacting on cell polarity, differentiation, and paracellular
transport (Chiba et al., 2008); KEGG pathway entry: hsa04530].

Flow changes after liver surgery may thus be sensed and transmitted into the cellular interior and induce
responses like proliferation or cell migration. Only minimal information exists, whether ow-associated
metabolic changes might also involve mechano-transduction mechanisms. Yet, there is an obvious an
hence likely potential crosstalk between mechano-transduction and molecules involved in metabolic
regulation.
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