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A B S T R A C T

The size of the liver of terrestrial mammals obeys the allometric scaling law over a weight range of> 3 ∗ 106.
Since scaling reflects adaptive changes in size or scale among otherwise similar animals, we can expect to
observe more similarities than differences between rodent and human livers. Obvious differences, such as the
presence (rodents) or absence (humans) of lobation and the presence (mice, humans) or absence (rats) of a
gallbladder, suggest qualitative differences between the livers of these species. After review, however, we
conclude that these dissimilarities represent relatively small quantitative differences. The microarchitecture of
the liver is very similar among mammalian species and best represented by the lobular concept, with the biggest
difference present in the degree of connective tissue development in the portal tracts. Although larger mammals
have larger lobules, increasing size of the liver is mainly accomplished by increasing the number of lobules. The
increasing role of the hepatic artery in lobular perfusion of larger species is, perhaps, the most important and
least known difference between small and large livers, because it profoundly affects not only interventions like
liver transplantations, but also calculations of liver function.

1. Introduction

The size of the liver of terrestrial mammals obeys the allometric
scaling law for animals as small as the Etruscan shrew (~1.8 g) and as
large as the African elephant (~6600 kg) [1]. Since scaling deals with
“structural and functional consequences of changes in size or scale
among otherwise similar animals” [2], we can expect more similarities
than differences between rodent and human livers. We will address the
following topics:

1. Lobar architecture
2. The presence or absence of a gallbladder
3. Lobular architecture
4. Lobular perfusion

2. Lobar architecture

2.1. Murine liver

The first partial hepatectomy in rats was described in 1932 [3],
whereas the first one in humans was performed only 20 years later [4],

that is, ~70 years after major surgical interventions on the intestines
were first reported. The reason is that rodents have a lobated liver, of
which individual lobes can be easily ligated and removed, whereas
humans have a non-lobated liver. Since the lobar architecture re-
presents the basic architecture of the liver, we will elaborate on this
type of liver before comparing it to non-lobated livers.

Liver lobes in species with a lobated liver become visible shortly
after the appearance of the liver bud in embryos [5]. These species
develop 2 dorsolateral lobes which, upon expansion, engulf the vitelline
veins that drain blood from the yolk sac (Fig. 1). Shortly thereafter,
both umbilical veins, which drain blood from the developing placenta,
become engulfed by the hepatocytes of the single ventromedial lobe.
This ventromedial lobe typically has an incomplete median fissure,
which divides it into left and right portions. The gallbladder is em-
bedded and, especially when empty, often partly hidden in this fissure.
Finally, the dorsally located caudate or Spieghel's lobe forms (Fig. 1).
The caudate lobe is special in that its draining hepatic vein forms the
intrahepatic portion of the inferior caval vein [6]. In agreement, the
intrahepatic caval vein occupies a central position in the caudate lobe
of species, in which this lobe is well separated from the right dorso-
lateral lobe [7,8]. The formal names of these 4 lobes in adult liver are
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the right and left lateral lobes (developed from both embryonic dor-
solateral lobes), the right and left medial lobes (developed from the
incompletely divided ventromedial lobe), and the caudate lobe [9,10].
This basic architecture can change by further subdivisions of the lobes
or by the merging of the fissures. Thus, the caudate lobe often has
caudate and papillary processes, and the right lateral lobe upper and
lower sublobes [11–14]. In contrast, in non-lobated livers, such as that
of humans, fissures are usually not present, except those demarcating
the caudate lobe dorsally, but (partial) lobation of human livers is oc-
casionally reported [15,16]. Interestingly, a 5th lobe, the quadrate lobe,
which is found between the gallbladder and the round ligament
(postnatal remnant of the umbilical vein), is very variable in its de-
velopment between species: it is virtually absent in rodents [11–14],
small in pigs, and well developed in dogs, cows, and horses [17]. In
humans, a quadrate lobe is normally present, but quantitative differ-
ences, including complete absence, have been reported [18–20].
Nevertheless, the quadrate lobe is one of the 4 officially acknowledged
lobes that make up a human liver ([21]; see next section).

2.2. Human liver

Human liver differs markedly from rodent livers because of its non-
lobated architecture. According to the official International Anatomical
Terminology [21], the human liver is divided into left, right, caudate
and quadrate lobes. This terminology does only partially correspond
with that used for quadrupeds [10] (Table 1). Furthermore, the caudate
and quadrate lobes are well-defined entities on the visceral aspect of the
liver but have no representation on its ventral aspect. In practice, the

classical nomenclature is no longer used. Instead, Couinaud's liver
model with 8 segments has become the standard [22]. Approximately
70 years ago, anatomists were searching for avascular planes in the
afferent vessels to the liver to enable hepatic surgery without fatal
blood loss (Fig. 2) [23–25]. The resulting models differ in that Hjortsjö
based his model on the branching pattern of the bile ducts [23], Healey
and Schroy theirs on that of the hepatic arteries [24], and Couinaud his
on that of the portal veins [25]. Corrosion casts in all three approaches
revealed that the portal vein divides the liver into left and right per-
fusion areas (“hemi-livers”; Table 1) and that the plane of separation
coincides with the “Rex-Cantlie line”, a plane through the gallbladder
and intrahepatic portion of the inferior caval vein established well over
a century ago [26,27]. Planes through the intrahepatic portion of the
inferior caval vein and right, middle, or left hepatic veins separate the
perfusion domains (“sectors”) of the main branches of the portal vein,
hepatic artery, or bile duct (Table 1). In Couinaud's and Healey's models
the two sectors of the right hemi-liver were each subdivided into 2
“segments” by a transverse plane through the first bifurcation of the
portal vein. In Healey's model, this line also included sector IV, which
contains the quadrate lobe. The liver segments that resulted from the
three approaches are very similar (Fig. 2), with arguments mainly
centering on whether the right hemi-liver has two (Healey and Coui-
naud) or three sectors (Hjortsjö) and whether the segment III in the left
hemi-liver belongs to the lateral (Healey) or medial sector (Couinaud).
Clearly, classical anatomy of the liver has changed into surgical
anatomy of the liver.

Couinaud's basic assumption, the regular hierarchical bifurcation of
the portal vein, has come under scrutiny. Platzer and Maurer showed
that the smooth and predictable boundaries of the sectors and segments
were an illusion [28], while Fasel confirmed that the right hemi-liver
contained 3 second-order portal branches (the left and right portal
branch represent the first-order vessels), but also that the left hemi-liver
contained many more, with an average of 20 [29,30]. Couinaud further
claimed that his model had to be preferred, because it had an embry-
ological basis [9] and because the portal veins are the first definitive
vessels to develop in the mammalian liver. Since Couinaud's embry-
ological knowledge was solely based on literature [9], we re-
investigated his claim and confirmed Fasel's data in human embryos
[6]. We further established that the remarkable left-right difference in
the branching pattern of the portal vein was due to the origin of these
branches from either the intrahepatic portion of the umbilical vein (left
hemi-liver) or the portal vein (right hemi-liver). The numerous bran-
ches arising from the large umbilical vein are, compared to the parent
vessel, relatively small and have large branching angles, whereas the
opposite is true for the right hemi-liver: the parent portal vein is rela-
tively small (~50% of its blood supply is dependent on an anastomosis
with the umbilical vein [31]) and branches more symmetrically [6].
The left-sided asymmetric branching pattern of the portal vein is typical
for a transport (“distributing”) vessel, whereas the right-sided symme-
trical branching pattern of the portal vein is typical for a tissue-sup-
plying (“delivering”) vessel [32]. An asymmetric (“monopodial”)
branching design appears to minimize pumping power and the size of
the vascular tree [33], which represents an important advantage in a
venous system. Couinaud's model of surgical liver segments still dom-
inates the textbooks and internet, but hilar transection of “Glissonean
pedicles” ([34]; “pedicles” are, in this context, connective tissue tunnels
containing the segmental portal vein, hepatic artery and bile duct) and
hemostatic dissecting devices have made hepatic surgery less depen-
dent on avascular afferent planes.

Many efforts have been made to translate (“homologize”) the lobar
and segmental models of liver architecture [6,11–14,35]. These studies
agree on the scheme shown in Table 1. The lobar Bauplan as used in
veterinary anatomy has an embryological origin and is, therefore, more
practical for interspecies comparisons than the human anatomical no-
menclature. The description of the dorsolateral lobes in the non-lobated
human embryonic liver as its dorsolateral “wings” [36] underscores this

Fig. 1. The lobar building plan of the liver (modified from [35]). The vitelline
and umbilical veins are embryonic veins that are associated with the dorso-
lateral and ventromedial lobes, respectively. The caudate lobe develops only
after the 6th week of development in humans [5].

Table 1
Official anatomical terminology of human liver [21], Couinaud's segmental
surgical anatomy [22], and official veterinary terminology [10]. Couinaud's
model includes a left and right hemi-liver (based on the 1st order portal vein
branches), sectors (based on 2nd order portal branches and main hepatic veins)
and segments (based on a transverse plane through the 1st bifurcation of the
portal vein).

Lobar
anatomy
(human)

Segmental anatomy (Couinaud) Lobar anatomy
(quadrupeds)

Hemi-liver Sector Segment #

Caudate lobe Dorsal I Caudate lobe
Left lobe Left Lateral Superior II Left lateral lobe

Medial Inferior III Left medial lobe
Quadrate lobe Quadrate lobe IV
Right lobe Right Anterior Inferior V Right medial lobe

Superior VIII
Posterior Inferior VI Right lateral lobe

Superior VII
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argument. A nomenclature that is based on the distribution of the he-
patic vessels is not used because of the perceived variability of their
branching pattern. This is partly due to definition: a serial bifurcation
with just a few millimeters difference between the consecutive branches
is no longer a “trifurcation” [8,37]. If such surgically important, but
functionally less relevant variations are not taken into consideration,
the distribution of the portal veins [37] and that of the hepatic veins
just peripheral of their entrance into the caval vein [6,38,39] is quite
predictable. Again, this characteristic is more easily visible in lobated
(rodent) livers, because there is one portal and one hepatic vein for
each lobe [9]. As a result, the branching pattern of the portal and he-
patic veins in such livers is serial [11–14]. Together, these data have
convinced us that the veterinary concept with 2 dorsolateral, a ven-
tromedial and a caudate lobe best represents the basic architecture of
the liver across mammalian species [6]. Table 2 gives a non-exhaustive
list of species with non-lobated, partially lobated and lobated livers.

3. How important is the presence of a gallbladder?

Bile salts are detergents that aid in the absorption of dietary lipids,
but also serve as signaling molecules. The gallbladder concentrates and
stores bile between meals [40], which seems a potential trait for natural

selection. The presence or absence of a gallbladder across mammalian
species, nevertheless, resembles a checkerboard (Table 3). Although the
list is not exhaustive (for more data, see [41,42]), a few trends can be
found. Firstly, primates and carnivores seem to be obligatorily outfitted
with a gallbladder, possibly because of their relatively high-fat diets. On
the other hand, herbivorous odd-toed ungulates have, with the excep-
tion of manatees, no gallbladder. However, no predictions are possible
for the equally herbivorous even-toed ungulates and the omnivorous
rodents. Perhaps the most interesting examples are mice and rats, be-
cause these species belong to the same subfamily (Murinae). The early
development of the caudal foregut and its glands is very similar in mice
and rats, except that the biliary bud is missing ab initio in the rat
[43,44]. The murine biliary bud epithelium expresses the gallbladder
master regulator Sox17, whereas no Sox17 expression is identifiable in
the hepatobiliary primordia of the rat [44]. Since Sox17 is expressed in
rat embryonic stem cells [45,46], the Sox17-regulatory region or an
upstream regulatory factor must have mutated. These data suggest that
just one mutation can cause absence of a gallbladder in species. Since
environmental factors, frequency and choice of food intake, and the
nature of the bile salts produced are very similar in these species
[47,48], a random mutation and little selection pressure seem the best
explanation. The Atlantic forest hocicudo appears a case in point:
among chromosomally identified specimens of this small South-Amer-
ican species, individuals with and without gallbladder were present
[49]. In aggregate, these observations suggest that the presence or
absence of a gallbladder does not represent a modification of the Bau-
plan, but more likely the functional loss of one or at most a few genes.

An obvious, more experimental extension of these observations is to
ablate the gallbladder. In humans, cholecystectomy is frequently per-
formed, because 10–15% of the adult western population has bile
stones and 1–4% become symptomatic within a year, especially when
middle aged [50]. Humans [51] and mice [52–54] do quite well after
cholecystectomy. The intervention decreases the bile acid pool, but
because secretion rates of bile acids and cholesterol, and the en-
terohepatic recirculation rate are increased, in particular during fasting,
digestion and absorption remain relatively unaffected ([53–56]; for a
recent review, see [40]). In fact, the main risk factor of cholecystectomy
is age [50]. Solitary absence of the gallbladder, which is a rare feature
in humans [57–59], does not seem to increase the risk for bile duct-
related problems [57]. These findings, therefore, underscore our argu-
ment that the presence of a gallbladder does not represent an advantage
in natural selection. The similar response to cholecystectomy in humans
and mice is, nevertheless, somewhat surprising since rodent bile is
much more hydrophilic than human bile due to their capacity to syn-
thesize muricholic acids. The presence of just one additional gene in
rodents, Cyp2c70, is responsible for the capacity to synthesize muri-
cholic acid [60]. The capacity of mice and rats to synthesize muricholic
acid allows urinary excretion of large amounts of bile acids after bile-
duct ligation [61,62] and long-term survival even in the complete ab-
sence of intrahepatic bile ducts [63,64].

Fig. 2. Hjortsjö's, Healey's, and Couinaud's segmentation concepts of human liver (modified from [22–24]). Segment #1, the caudate lobe, is located on the dorsal
side of the liver and, therefore, not visible.

Table 2
Mammalian species with different degrees of lobation of their livers.

Lobated Intermediate Non-
lobated

Reference

Dog [17,35,117]
Mouse [13,14,117]
Rat [11,12,14,117]
Golden hamster [35]
Pocket gopher [117]
Striped gopher [117]
Pig [17,35,117,118]
Guinea pig [35,117,119]
Rabbit [35,117,120]
Cat [35,117]
Hedgehog [35]

Cynomolgus [8]
Macaque [35,121]
Rhesus [117]
Elephant [122]
Horse [17,117,123]
Sheep [117]
Goat [117]
Deer [117]

Human [35]
Dolphin [124]
Whale [125]
Cattle [17,35,117]
Water
buffalo

https://scialert.net/fulltext/?
doi=ajava.2011.508.516
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4. Lobular architecture

The microscopic architecture of the liver is generally similar in all
mammals. The terminal branches of the afferent portal and efferent
hepatic veins intertwine, and the sinusoids that bridge the portocentral
distance have the most constant spanning distance of any organ in the
body [65]. This distance measures 620 μm in pig liver [66], 385 μm in
human liver [65], 300 [67] or 355 μm [68] in rat liver, and 210 μm in
mouse liver [69]. Despite this strict boundary condition, many concepts
of the smallest functional unit in the liver have been formulated. Be-
cause the microscopic architecture of the liver is a critical feature for
liver function, we will describe the prevailing concepts. Unfortunately,
the nomenclature of the structures that contribute to the micro-
architecture of the liver is not very consistent between studies. We have
chosen that formulated by Crawford [70].

In our view the microarchitecture of the liver is best represented by
the classic lobular concept [71,72] (Fig. 3). The lobular concept is
usually attributed to Kiernan, who described it in humans, sheep, oxen,
rabbits, hares, and squirrels [73], but Kiernan himself referred to earlier
histological observations by Malpighi, Mascagni, and Bidloo. The con-
cept is also known as “centri”-lobular, because hepatocytes surround
the central (terminal hepatic) vein, while the terminal branches of the
portal vein demarcate the periphery of the lobule. Despite the central
position of the efferent hepatic vein, it is generally assumed that the
fibrous portal septa in the larger species that Kiernan described were a

leading feature in the development of his lobular concept. These so-
called “portal tracts” contain the terminal branches of the portal vein,
hepatic artery and bile duct, and form an isotropic three-dimensional
network that in sections generates the typical hexagonal outline of the
lobule with 3 portal tracts and 3 areas where the portal “venules” (final
branches of a terminal portal vein) end (Fig. 3). It should be kept in
mind, however, that the “hexagon” is more a concept than a reality
because a lobule is normally bounded by ~6 portal triads ([68,71,74];
see also our description of Matsumoto's unit-concept of the liver lo-
bule). A functional feature that underscores the lobular model is the
expression pattern of numerous mRNAs and proteins in the liver: if
expressed periportally these gene products form a continuous network
and if expressed pericentrally a discrete tree of stained hepatocytes
(Fig. 3C), as predicted by the lobular model. We dubbed this concept
the “metabolic” lobule [71], because the acinar concept (next para-
graph) dominated the field at that time.

The most important alternative structural model is Rappaport's
acinar concept [75,76], so named because the arrangement of the liver
units resembles a bunch of grapes. The concept is based on the three-
dimensional spread of India ink particles dissolved in gelatin (to allow
fixation) through the portal vein and the pattern of ischemic pericentral
cell death in patients with right-sided cardiac failure. We posit that
Rappaport's preparations identify the circulatory periphery under ad-
verse conditions: the viscous gelatin solution causes a rapid drop of
perfusion pressure and cardiac failure is associated with an increased

Table 3
Mammals with and without gallbladder (more examples can be found in [41] and [42]). The species are grouped by
taxonomic order.

Species Gallbladder absent Gallbladder present

Rodentia Rat Mouse
Altlantic forest hocicudo [49] Altlantic forest hocicudo [49]
Montane grass mouse [49] Cursor grass mouse [49]

Golden hamster
Pocket gopher Ground squirrel

Guinea pig
Artiodactyla (even-toed ungulates) Camel Cattle

Llama Sheep
Giraffe Goat
Deer; all except: Musk deer

Muntjac
Common duiker Antelope

Pig
Peccary
Hippopotamus

Perissodactyla (odd-toed ungulates) Horse
Donkey
Zebra
Rhinoceros
Tapir

Proboscidea Elephant
Cetartiodactyla Dolphin

Whale
Tubulidentata Aardvark
Hyracoidea Hyrax
Sirenia Sea cow (dugong)
Carnivores Lion

Tiger
Cat
Dog
Hyena
Fox
Bear
Seal

Primates Human
Gorilla
Chimpanzee
Orangutan
Gibbon
Baboon
Vervet
Macaque
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central venous pressure, which in turn affects function and changes the
gene-expression pattern of the liver profoundly [77]. In addition, the
gene-expression patterns and biochemical functions attributed by
Rappaport to acinar zones 1–3 [78] do not correspond to those actually
demonstrable in livers. As an example, staining of mouse livers for pi-
monidazole-protein adducts, which visualizes hypoxic regions, identi-
fies pericentral regions with a discrete [79] rather than continuous
distribution as predicted by the acinar model. More definitively, the
flavoprotein/pyridine nucleotide redox ratio-scanning technique re-
vealed that the oxidized periportal domains of rat livers form a three-
dimensional network, whereas the reduced pericentral domains follow
a discrete branching pattern [80]. Upon perfusion with ethanol the
continuous, oxidized periportal region shrinks into a discretely
branching structure, whereas the discretely branching, reduced peri-
central region expands into a continuous three-dimensional network
[80]. The rising metabolic demands due to exposure to ethanol ap-
parently transfer the periportal areas near the end of the (septal) portal
venules that are sensitive to hypoxia to areas with a pericentral redox
ratio and thus establish a typical acinar zonal distribution. For all these
reasons we conclude that the acinar concept does not model the mi-
croarchitecture of healthy livers and interpret Rappaport's model as one
showing a hypoxic or ischemic, that is, pathological liver.

We owe the “comeback” of the lobular concept to Matsumoto [74].
His “unit-concept” divides the portal venous tree into upstream “con-
ducting” and downstream parenchymal (“delivering”) portions with a
higher branching frequency (see section on Couinaud's segmental liver
model). Typically, ~6 such terminal parenchymal portal twigs, ac-
companied by arterial and ductular twigs, embrace a piece of par-
enchyma that has a terminal hepatic vein as its central axis. The
terminal portal twigs in the portal tracts typically form three portal
venules (“septal” branches) that feed the sinusoids via inlet sinusoids.
Because the sinusoids near the terminal portal tracts are more tortuous,
whereas those originating from the distal ends of the septal portal ve-
nules and those surrounding the central (hepatic) veins are relatively
straight, Matsumoto postulated an “inflow (perfusion) front” towards
the central vein. The boundary between vital and lethally damaged
hepatocytes after controlled digitonin perfusion of the liver [81,82]
have underscored the concept of an inflow front. The redox ratio-
scanning technique [80] showed, in addition, that the tortuous sinu-
soids characterize the metabolically robust periportal zone, whereas the
straight sinusoids characterize the metabolically sensitive zone. We
have hypothesized that the tortuous periportal sinusoids are also re-
sponsible for the ability of blood to flow from the portal to the central
vein, but not vice versa, whereas a cell-free solution allows

bidirectional perfusion [83,84].
The liver lobule has been further subdivided in some concepts, but

also combined into compound lobules. In Matsumoto's unit-concept, the
classic (≈ “secondary”) lobule consists of ~6 “primary” lobules. A
primary lobule represents the part of the secondary lobule that is per-
fused by a single terminal branch of a parenchymal portal vein [85].
The even smaller “microcirculatory unit” represents the fraction of a
lobule that is perfused by one inlet sinusoid [86]. Because the bile that
is produced in that microcirculatory unit usually drains into a bile
ductule that leaves the hepatic parenchyma near the inlet sinusoid, the
microcirculatory unit is also known as “cholehepaton” [87]. Compound
parenchymal units, on the other hand, include all lobules served by a
parenchymal portal branch [68]. In support of this compound model,
we showed that the first 2–4 generations of terminal or “collecting”
hepatic veins are surrounded by a rim of glutamine synthetase-con-
taining hepatocytes, whereas the more downstream, larger “con-
ducting” hepatic veins are not [88], probably because their wall is
thicker and blocks the transmission of an endothelial signal necessary to
express glutamine synthetase [89]. The presence of sinusoid-draining
terminal hepatic veins is, therefore, another feature of the compound
liver lobule. In our view, the classic lobule is the most versatile func-
tional unit.

Two aspects of lobular architecture that differ quantitatively be-
tween small and large mammals are the portocentral distance (vide
supra) and the amount of connective tissue that is present in the portal
tracts. Furthermore, liver lobules in small mammals like the mouse are
more tortuous cylindrical structures [69] than those in pig and human
liver [90,91], but too few examples are available to conclude that this is
a general feature of size. It is well established that the amount of con-
nective tissue in the portal tract is lowest in rodents, sparse in healthy
human liver, better developed in ruminant and equine livers [92,93],
and pronounced in pig liver, where it already reaches near-adult levels
shortly after weaning [66]. The amount of connective tissue determines
the tissue stiffness and “fracture toughness” [94,95], but the adaptive
value remains to be established.

5. Lobular perfusion

The reported allometric constant of the relation between mamma-
lian body weight and liver size (0.89) is similar to that between body
weight and hepatic blood flow (0.85–0.91; [1,96]), showing that liver
perfusion increases concomitantly with liver size. As shown above, the
portocentral distance between species also increases with body weight,
but the few species for which information could be obtained produce an

Fig. 3. Lobular (A) and acinar (B) concepts of liver microarchitecture, and 3D reconstruction (C) of human liver stained for the presence of the periportal (upstream)
enzyme carbamoylphosphate synthetase (red) and the pericentral (downstream) enzyme glutamine synthetase (blue). Yellow areas in panel C represent portal veins.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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allometric constant of only ~0.10 (Fig. 4A), which implies that the
portocentral distance increases only slowly with liver size. Similarly,
the allometric constant of the relation between body size and the
number of hepatocytes on the portocentral axis is only ~0.10 (Fig. 4B).
For most organs the allometric constant for the relation between body
weight and cell size, including that of (diploid) hepatocytes, is not
different from zero [97], that is, invariant with body size. However, the
volume of hepatocytes increases with the degree of ploidy [98] and
rodents have a higher percentage of polyploid hepatocytes than larger
mammals [98–101], so that fewer rodent hepatocytes fit on the same
portocentral distance. For that reason, 0.1 is a high estimate for the
allometric constant. The direct relation between liver size and perfusion
is, therefore, accomplished by generating more rather than larger lo-
bules. While blood pressure in the hepatic artery is ~120mmHg and
independent of animal size [106], that in the portal vein is only

6–11mmHg and also similar for mice [107,108], rats [108,109], cats
[110], dogs [110,111], and humans [112,113]. Hence, we hypothesize
that one of the structural limitations for an increase in size of the lobule
is its perfusion.

The reported allometric constant for blood flow in the portal vein is,
with 0.76, lower than that for the hepatic artery (0.86; [102]), implying
that the contribution of the hepatic artery to lobular perfusion increases
with increasing size of the mammal. A change in the relative con-
tribution of the hepatic artery and portal vein to liver perfusion will
affect the extrapolation of pharmacological data from small to large
animal models and humans, if metabolic activity in the liver is de-
termined with the Fick principle, which states that the product of blood
flow to an organ and the arteriovenous concentration difference of a
substance determine uptake or release of a substance by that organ.
Since just one study was available to underscore this hypothesis and
since this study compiled data on mice, rats, dogs and humans only
[102], we have reviewed the pertinent literature for paired samples of
liver perfusion (portal and hepatic vein, or portal vein and hepatic ar-
tery). Our review includes mice, rats, rabbits, dogs, pigs, sheep, ma-
caque monkeys, humans, and cattle, that is, mammals with a 10,000-
fold range in body mass. Liver blood flow was determined with in-
dicator dilution methods (para-aminohippuric acid (PAH), micro-
spheres, or clearance of indocyanine green or bromosulphtalein), ul-
trasound or electromagnetic probes, MRI or CT imaging. The PAH-
based assay is used in both small and large mammals, but many of these
studies in rodents do not provide quantitative data on transhepatic
blood flow, so that our PAH sample is somewhat biased to larger
mammals. The microsphere technique is, on the other hand, often used
in small and intermediate size mammals.

The collected data revealed a pronounced difference between liver
perfusion as determined with the PAH-dilution method and all other
methods (Fig. 4C–F). The allometric constant of blood flow in the he-
patic artery was 1.00–1.09 with all methods used (Fig. 4C; not sig-
nificantly different), but that in the portal vein was 1.11 for PAH and
only 0.79 for all other methods (P < 0.001) and similar to that re-
ported earlier [102]. The numbers for the hepatic vein followed that of
the portal vein (P < 0.001). Fig. 4F, finally, shows that the allometric
constant of the ratio of the contribution of the hepatic artery and portal
vein to hepatic perfusion is zero for PAH and 0.29 for all other assays
(P=0.001). The differences persist when we compare PAH with all
other indicator-dilution methods only. We do not know the reason for
the observed difference, except that it appears to arise from the portal-
vein data. Good correspondence was reported between microsphere-
and electromagnetic probe-based estimates of liver perfusion in rats
[103], between microspheres- and MRI-based estimates of portal blood
flow in rabbits [104], and between electromagnetic probe- and in-
docyanine-green clearance-based estimates of liver perfusion in dogs
[105].

Because the allometric constant for hepatic perfusion via the portal
vein as determined with the PAH dilution method is ~0.3 units higher
than the previously [102] and presently collected values for all other,
technically diverse techniques combined, we tentatively conclude that
the PAH data are not representative. Because the regression lines
(Fig. 4D) crossed, the PAH-based estimates of portal blood flow in small
mammals like mice and rats were low and those in large mammals like
cows high relative to reference values. Since the perfusion pressure and
flow rate are low in the portal vein and since plasma is a viscous fluid, a
potential explanation is incomplete mixing of the injected PAH in be-
tween the mesenteric-vein injection site and the portal vein in the
smaller mammals (distance> 10-fold longer in cattle than in mice). In
large ruminants like cattle, on the other hand, often more than one
(frequently two) of the three large tributaries to the portal vein (gas-
trosplenic, gastroduodenal, anterior mesenteric veins) are cannulated
[106] to optimize mixing in the portal vein. Since cannulation of one
tributary should suffice according to theory, this protocol suggests that
portal blood flow in ruminants can be overestimated.

Fig. 4. Allometric scaling of the length of the portocentral axis (A), the number
of hepatocytes on a portocentral axis (B), and the contribution of hepatic artery
(C), portal vein (D), and hepatic vein (E) to lobular perfusion in mammals.
Panel F shows allometric scaling of the ratio of the contribution of hepatic
artery and portal vein to liver perfusion. Symbols in panels C–F represent flows
based on dilution of para-aminohippuric acid (ochre) or all other methods in-
ventoried (blue; microspheres, ultrasound or electromagnetic probes, hepatic
indocyanine green or bromosulfophthalein extraction, or MRI or CT data). Data
in panel A are from mice [69], rats [67,68], macaque monkeys [72], men [65],
pigs [66], and dolphins [126]. Data in panel B are from mice [69], rats [67],
men [71], and pigs [66]. Data in panels C–F are from mice [127–134], rats
[103,135–152], rabbits [104,153–157], macaque monkeys [158], dogs
[105,159–169], sheep [160,170–172], pigs [173–176], men [177–183] and
cattle [184–193]. The allometric constants (R2 values) are 0.10 (0.82), 0.10
(0.84), 0.29 (0.50), 1.00 (0.94), 0.78 (0.94), and 0.82 (0.95), respectively, for
the blue symbols in panels A–F and 0.02 (0.08), 1.09 (0.98), 1.11 (0.99), and
1.11 (0.99), respectively, for the ochre symbols in panels C–F. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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If we accept that the contribution of the portal vein to hepatic blood
flow decreases and that of the hepatic artery increases with increasing
size of the mammal (Fig. 4F), it is tempting to speculate that the in-
creased arterial supply serves perfusion of the larger liver lobules with
longer portocentral sinusoids, and that of the vasa vasorum of the
conducting portal veins and peribiliary plexus of bile ducts [92,107]. It
remains to be determined where the terminal branches of the hepatic
artery join the sinusoidal network (see e.g. [108,109]) and how they
affect sinusoidal perfusion [110]. The increasing significance of the
hepatic artery for liver perfusion also seems to explain the finding that
liver transplants in mice do not need a hepatic artery to avoid biliary
complications [111,112], whereas those in humans do [113,114], with
rats taking an intermediate position rat [115,116].

6. Conclusions

Our main conclusion is that the Bauplan of the liver in the mam-
malian class of vertebrates is invariant and that the main differences are
quantitative in nature: the size of the liver determines the number of
lobules, and the degree to which fissures have formed determines
whether a liver is (partially) lobated or non-lobated. Similarly, the
degree of connective tissue development in the portal tracts does not
change the architecture of the lobule, but does affect its stiffness (and,
hence, suitability for consumption). Even qualitative differences, such
as the presence or absence of a gallbladder or the hydrophobic index of
the bile, appear to be mediated by the loss or acquisition of only one
functional gene. However, quantitative differences can have major
implications if not taken into account. An obvious example is the in-
creasing dependence of lobular perfusion on the contribution of the
hepatic artery in larger mammals: if hepatic consumption or production
of metabolites is calculated from concentrations or enrichments of
metabolites in the arteries, and portal and hepatic veins, the con-
tribution of the hepatic artery is> 5-fold higher and that of the portal
vein 25% lower in men than in mice.

Transparency document

The http://dx.doi.org/10.1016/j.bbadis.2018.05.019 associated
with this article can be found, in online version.

References

[1] J.W. Prothero, Organ scaling in mammals: the liver, Comp. Biochem. Physiol. A
Physiol. 71 (1982) 567–577.

[2] K. Schmidt-Nielsen, Scaling: Why is Animal Size So Important? Cambridge
University Press, Cambridge, 1984.

[3] G.M. Higgins, R.M. Anderson, Experimental pathology of the liver. I. Restoration
of the liver of the white rat following partial surgical removal, Arch. Pathol. Lab.
Med. 12 (1931) 186–202.

[4] J.L. Lortat-Jacob, H.G. Robert, Hépatectomie droite réglée, Presse Med. 60 (1952)
549–551.

[5] J.P.J.M. Hikspoors, M.M.J.P. Peeters, H.K. Mekonen, N. Kruepunga,
G.M.C. Mommen, P. Cornillie, S.E. Kohler, W.H. Lamers, The fate of the vitelline
and umbilical veins during the development of the human liver, J. Anat. 231
(2017) 718–735.

[6] J.P.J.M. Hikspoors, M.M.J.P. Peeters, N. Kruepunga, H.K. Mekonen,
G.M.C. Mommen, S.E. Kohler, W.H. Lamers, Human liver segments: role of cryptic
liver lobes and vascular physiology in the development of liver veins and left-right
asymmetry, Sci. Rep. 7 (2017) 17109.

[7] H.E. Evans, The digestive apparatus and abdomen, in: H.E. Evans (Ed.), Miller's
Anatomy of the Dog, Saunders, Philadelphia, 1993, pp. 385–462.

[8] C. Vons, S. Beaudoin, N. Helmy, I. Dagher, A. Weber, D. Franco, First description
of the surgical anatomy of the cynomolgus monkey liver, Am. J. Primatol. 71
(2009) 400–408.

[9] C. Couinaud, Liver anatomy: portal (and suprahepatic) or biliary segmentation,
Dig. Surg. 16 (1999) 459–467.

[10] ICVGAN, Nomina Anatomica Veterinaria, 6th Revised Edition Ed. 2017.
[11] K. Kogure, M. Ishizaki, M. Nemoto, H. Kuwano, M. Makuuchi, A comparative

study of the anatomy of rat and human livers, J. Hepato-Biliary-Pancreat. Surg. 6
(1999) 171–175.

[12] P.N. Martins, P. Neuhaus, Surgical anatomy of the liver, hepatic vasculature and
bile ducts in the rat, Liver Int. 27 (2007) 384–392.

[13] T. Fiebig, H. Boll, G. Figueiredo, H.U. Kerl, S. Nittka, C. Groden, M. Kramer,

M.A. Brockmann, Three-dimensional in vivo imaging of the murine liver: a micro-
computed tomography-based anatomical study, PLoS One 7 (2012) e31179.

[14] C. Sanger, A. Schenk, L.O. Schwen, L. Wang, F. Gremse, S. Zafarnia, F. Kiessling,
C. Xie, W. Wei, B. Richter, O. Dirsch, U. Dahmen, Intrahepatic vascular anatomy in
rats and mice-variations and surgical implications, PLoS One 10 (2015) e0141798.

[15] X. Nan, Y. Lu-Nan, Bifid liver accompanied by hepatolithiasis, Clin. Anat. 23
(2010) 902–903.

[16] F. Bartsch, M. Ackermann, H. Lang, S. Heinrich, Unfused liver segments: a case
report of an unknown phenotype of the Conradi-Hunermann-Happle syndrome, J.
Gastrointestin. Liver Dis. 25 (2016) 547–549.

[17] A. Schummer, R. Nickel, Eingeweide, 4th ed., Paul Parey, Berlin, 1979.
[18] P. Thompson, The development of the lobus quadratus of the liver, with special

reference to an unusual anomaly of this lobe in the adult, J. Anat. Physiol. 48
(1914) 222–237.

[19] S.D. Joshi, S.S. Joshi, S.A. Athavale, Some interesting observations on the surface
features of the liver and their clinical implications, Singap. Med. J. 50 (2009)
715–719.

[20] S.B. Nayak, S. Mishra, B.M. George, S.D. Shetty, N. Kumar, A. Guru, S.S. Rao,
A. Aithal, A peculiar liver with surgically and radiologically important variations:
a case report, Anat. Cell Biol. 46 (2013) 82–84.

[21] FCA, International Anatomical Terminology, Thieme, Stuttgart, 1998.
[22] C. Couinaud, Le foie; études anatomiques et chirurgicales, Paris, Masson & Cie,

1957.
[23] C.H. Hjortsjo, The topography of the intrahepatic duct systems, Acta Anat. (Basel)

11 (1951) 599–615.
[24] J.E. Healey Jr., P.C. Schroy, Anatomy of the biliary ducts within the human liver;

analysis of the prevailing pattern of branchings and the major variations of the
biliary ducts, AMA Arch Surg. 66 (1953) 599–616.

[25] C. Couinaud, Lobes et segments hépatiques. Notes sur l'architecture anatomique et
chirurgicale du foie, Presse Med. 62 (1954) 709–712.

[26] H. Rex, Beiträge zur Morphologie der Säugerleber, Morphol. Jahrbuch 14 (1888)
517–617.

[27] J. Cantlie, On a new arrangement of the right and left lobes of the liver, J. Anat.
Physiol. 32 (1897) iv–ix.

[28] W. Platzer, H. Maurer, Zur Segmenteinteilung der Leber, Acta Anat. (Basel) 63
(1966) 8–31.

[29] J.H. Fasel, Portal venous territories within the human liver: an anatomical re-
appraisal, Anat Rec (Hoboken) 291 (2008) 636–642.

[30] J.H. Fasel, A. Schenk, Concepts for liver segment classification: neither old ones
nor new ones, but a comprehensive one, J. Clin. Imaging Sci. 3 (2013) 48.

[31] J. Kessler, S. Rasmussen, K. Godfrey, M. Hanson, T. Kiserud, Venous liver blood
flow and regulation of human fetal growth: evidence from macrosomic fetuses,
Am. J. Obstet. Gynecol. 204 (2011) 429e1–429e7.

[32] M. Zamir, Distributing and delivering vessels of the human heart, J. Gen. Physiol.
91 (1988) 725–735.

[33] E. Tekin, D. Hunt, M.G. Newberry, V.M. Savage, Do vascular networks branch
optimally or randomly across spatial scales? PLoS Comput. Biol. 12 (2016)
e1005223.

[34] K. Takasaki, Glissonean pedicle transection method for hepatic resection: a new
concept of liver segmentation, J. Hepato-Biliary-Pancreat. Surg. 5 (1998)
286–291.

[35] S.C. Nettelblad, Die Lobierung und innere Topographie der Säugerleber, nebst
Beiträgen zur Kenntnis der Leberentwicklung beim Goldhamster (Cricetus aur-
atus), Acta Anat. (Basel) 20 (1954) 1–251.

[36] F.T. Lewis, The development of the liver, in: F. Keibel, F.P. Mall (Eds.), Manual of
Human Embryology, Lippincott, Philadelphia, 1912, pp. 403–428.

[37] T. Germain, S. Favelier, J.P. Cercueil, A. Denys, D. Krause, B. Guiu, Liver seg-
mentation: practical tips, Diagn. Interv. Imaging 95 (2014) 1003–1016.

[38] K. Kogure, H. Kuwano, N. Fujimaki, H. Ishikawa, K. Takada, Reproposal for
Hjortsjo's segmental anatomy on the anterior segment in human liver, Arch. Surg.
137 (2002) 1118–1124.

[39] J. Shindoh, M. Akahane, S. Satou, T. Aoki, Y. Beck, K. Hasegawa, Y. Sugawara,
K. Ohtomo, N. Kokudo, Vascular architecture in anomalous right-sided liga-
mentum teres: three-dimensional analyses in 35 patients, HPB (Oxford) 14 (2012)
32–41.

[40] C. Housset, Y. Chretien, D. Debray, N. Chignard, Functions of the gallbladder,
Compr. Physiol. 6 (2016) 1549–1577.

[41] F.W. Gorham, A.C. Ivy, General function of the gall bladder from the evolutionary
standpoint, Zoological Series Field Museum of Natural History, 22 1938
(Publication 417).

[42] C.K. Oldham-Ott, J. Gilloteaux, Comparative morphology of the gallbladder and
biliary tract in vertebrates: variation in structure, homology in function and
gallstones, Microsc. Res. Tech. 38 (1997) 571–597.

[43] G.M. Higgins, The biliary tract of certain rodents with and those without a gall
bladder, Anat Rec (Hoboken) 32 (1926) 89–111.

[44] H. Higashiyama, M. Uemura, H. Igarashi, M. Kurohmaru, M. Kanai-Azuma,
Y. Kanai, Anatomy and development of the extrahepatic biliary system in mouse
and rat: a perspective on the evolutionary loss of the gallbladder, J. Anat. 232
(2018) 134–145.

[45] M. Buehr, S. Meek, K. Blair, J. Yang, J. Ure, J. Silva, R. McLay, J. Hall, Q.L. Ying,
A. Smith, Capture of authentic embryonic stem cells from rat blastocysts, Cell 135
(2008) 1287–1298.

[46] P. Li, C. Tong, R. Mehrian-Shai, L. Jia, N. Wu, Y. Yan, R.E. Maxson, E.N. Schulze,
H. Song, C.L. Hsieh, M.F. Pera, Q.L. Ying, Germline competent embryonic stem
cells derived from rat blastocysts, Cell 135 (2008) 1299–1310.

[47] A. Moschetta, F. Xu, L.R. Hagey, G.P. van Berge-Henegouwen, K.J. van Erpecum,

N. Kruepunga et al. BBA - Molecular Basis of Disease 1865 (2019) 869–878

875

http://dx.doi.org//10.1016/j.bbadis.2018.05.019
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0005
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0005
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0010
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0010
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0015
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0015
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0015
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0020
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0020
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0025
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0025
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0025
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0025
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0030
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0030
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0030
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0030
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0035
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0035
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0040
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0040
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0040
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0045
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0045
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0050
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0055
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0055
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0055
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0060
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0060
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0065
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0065
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0065
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0070
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0070
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0070
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0075
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0075
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0080
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0080
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0080
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0085
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0090
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0090
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0090
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0095
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0095
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0095
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0100
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0100
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0100
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0105
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0110
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0110
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0115
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0115
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0120
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0120
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0120
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0125
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0125
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0130
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0130
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0135
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0135
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0140
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0140
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0145
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0145
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0150
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0150
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0155
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0155
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0155
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0160
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0160
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0165
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0165
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0165
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0170
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0170
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0170
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0175
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0175
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0175
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0180
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0180
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0185
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0185
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0190
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0190
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0190
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0195
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0195
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0195
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0195
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0200
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0200
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0205
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0205
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0205
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0210
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0210
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0210
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0215
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0215
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0220
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0220
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0220
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0220
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0225
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0225
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0225
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0230
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0230
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0230
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0235


J.F. Brouwers, J.C. Cohen, M. Bierman, H.H. Hobbs, J.H. Steinbach, A.F. Hofmann,
A phylogenetic survey of biliary lipids in vertebrates, J. Lipid Res. 46 (2005)
2221–2232.

[48] A.F. Hofmann, L.R. Hagey, M.D. Krasowski, Bile salts of vertebrates: structural
variation and possible evolutionary significance, J. Lipid Res. 51 (2010) 226–246.

[49] L. Geise, M. Weksler, C.R. Bonvicino, Presence of absence of gall bladder in some
Akodontini rodents (Muridae, Sigmodontinae), Mamm. Biol. 69 (2004) 210–214.

[50] H. Maqsood, K. Patel, H. Ferdosi, A.M. Sill, B. Wu, T. Buddensick, A. Sautter,
H. Shaukat, G. Sulkowski, D.M. Narducci, M. Siddique, F. Kamangar,
G.C. Kowdley, S.C. Cunningham, Age-related differences pre-, intra-, and post-
cholecystectomy: a retrospective cohort study of 6,868 patients, Int. J. Surg. 39
(2017) 119–126.

[51] G.A. Kullak-Ublick, G. Paumgartner, F. Berr, Long-term effects of cholecystectomy
on bile acid metabolism, Hepatology 21 (1995) 41–45.

[52] B. Ohlsson, J. Axelson, J.F. Rehfeld, I. Ihse, Cholecystectomy in hamster and
mouse: trophic effects on the pancreas and colon? J. Hepato-Biliary-Pancreat.
Surg. 1 (1994) 578–582.

[53] L. Amigo, C. Husche, S. Zanlungo, D. Lutjohann, M. Arrese, J.F. Miquel, A. Rigotti,
F. Nervi, Cholecystectomy increases hepatic triglyceride content and very-low-
density lipoproteins production in mice, Liver Int. 31 (2011) 52–64.

[54] V. Cortes, L. Amigo, S. Zanlungo, J. Galgani, F. Robledo, M. Arrese, F. Bozinovic,
F. Nervi, Metabolic effects of cholecystectomy: gallbladder ablation increases
basal metabolic rate through G-protein coupled bile acid receptor Gpbar1-de-
pendent mechanisms in mice, PLoS One 10 (2015) e0118478.

[55] A. Kimball, D. Pertsemlidis, D. Panveliwalla, Composition of biliary lipids and
kinetics of bile acids after cholecystectomy in man, Am J Dig Dis 21 (1976)
776–781.

[56] J.R. Malagelada, V.L. Go, W.H. Summerskill, W.S. Gamble, Bile acid secretion and
biliary bile acid composition altered by cholecystectomy, Am J Dig Dis 18 (1973)
455–459.

[57] R.S. Bennion, J.E. Thompson Jr., R.K. Tompkins, Agenesis of the gallbladder
without extrahepatic biliary atresia, Arch. Surg. 123 (1988) 1257–1260.

[58] P.M. Kasi, R. Ramirez, S.S. Rogal, K. Littleton, K.E. Fasanella, Gallbladder agen-
esis, Case Rep. Gastroenterol. 5 (2011) 654–662.

[59] O. Yener, M.Z. Buldanli, H. Eksioglu, M. Leblebici, O. Alimoglu, Agenesis of the
gallbladder diagnosed by magnetic resonance cholangiography: report of a case
and review of the literature, Prague Med. Rep. 116 (2015) 52–56.

[60] S. Takahashi, T. Fukami, Y. Masuo, C.N. Brocker, C. Xie, K.W. Krausz, C.R. Wolf,
C.J. Henderson, F.J. Gonzalez, Cyp2c70 is responsible for the species difference in
bile acid metabolism between mice and humans, J. Lipid Res. 57 (2016)
2130–2137.

[61] T. Kinugasa, K. Uchida, M. Kadowaki, H. Takase, Y. Nomura, Y. Saito, Effect of bile
duct ligation on bile acid metabolism in rats, J. Lipid Res. 22 (1981) 201–207.

[62] Y. Zhang, J.Y. Hong, C.E. Rockwell, B.L. Copple, H. Jaeschke, C.D. Klaassen, Effect
of bile duct ligation on bile acid composition in mouse serum and liver, Liver Int.
32 (2012) 58–69.

[63] F.A. Falix, V.B. Weeda, W.T. Labruyere, A. Poncy, D.R. de Waart, T.B. Hakvoort,
F. Lemaigre, I.C. Gaemers, D.C. Aronson, W.H. Lamers, Hepatic Notch2 deficiency
leads to bile duct agenesis perinatally and secondary bile duct formation after
weaning, Dev. Biol. 396 (2014) 201–213.

[64] T.J. Walter, C. Vanderpool, A.E. Cast, S.S. Huppert, Intrahepatic bile duct re-
generation in mice does not require Hnf6 or Notch signaling through Rbpj, Am. J.
Pathol. 184 (2014) 1479–1488.

[65] T. Takahashi, Lobular structure of the human liver from the viewpoint of hepatic
vascular architecture, Tohoku J. Exp. Med. 101 (1970) 119–140.

[66] G.T. Wagenaar, W.J. Geerts, R.A. Chamuleau, N.E. Deutz, W.H. Lamers, Lobular
patterns of expression and enzyme activities of glutamine synthase, carbamoyl-
phosphate synthase and glutamate dehydrogenase during postnatal development
of the porcine liver, Biochim. Biophys. Acta 1200 (1994) 265–270.

[67] G.T. Wagenaar, R.A. Chamuleau, C.W. Pool, J.G. de Haan, M.A. Maas,
H.A. Korfage, W.H. Lamers, Distribution and activity of glutamine synthase and
carbamoylphosphate synthase upon enlargement of the liver lobule by repeated
partial hepatectomies, J. Hepatol. 17 (1993) 397–407.

[68] H.F. Teutsch, D. Schuerfeld, E. Groezinger, Three-dimensional reconstruction of
parenchymal units in the liver of the rat, Hepatology 29 (1999) 494–505.

[69] J.M. Ruijter, R.G. Gieling, M.M. Markman, J. Hagoort, W.H. Lamers, Stereological
measurement of porto-central gradients in gene expression in mouse liver,
Hepatology 39 (2004) 343–352.

[70] R. Saxena, N.D. Theise, J.M. Crawford, Microanatomy of the human liver-ex-
ploring the hidden interfaces, Hepatology 30 (1999) 1339–1346.

[71] W.H. Lamers, A. Hilberts, E. Furt, J. Smith, G.N. Jonges, C.J. van Noorden,
J.W. Janzen, R. Charles, A.F. Moorman, Hepatic enzymic zonation: a reevaluation
of the concept of the liver acinus, Hepatology 10 (1989) 72–76.

[72] G.T. Wagenaar, A.F. Moorman, R.A. Chamuleau, N.E. Deutz, C. De Gier, P.A. De
Boer, F.J. Verbeek, W.H. Lamers, Vascular branching pattern and zonation of gene
expression in the mammalian liver. A comparative study in rat, mouse, cyno-
molgus monkey, and pig, Anat. Rec. 239 (1994) 441–452.

[73] F. Kiernan, The anatomy and physiology of the liver, Philos. Trans. R. Soc. Lond.
123 (1833) 711–770.

[74] T. Matsumoto, M. Kawakami, The unit-concept of hepatic parenchyma—a re-ex-
amination based on angioarchitectural studies, Acta Pathol. Jpn. 32 (Suppl 2)
(1982) 285–314.

[75] A.M. Rappaport, Z.J. Borowy, W.M. Lougheed, W.N. Lotto, Subdivision of hex-
agonal liver lobules into a structural and functional unit; role in hepatic phy-
siology and pathology, Anat. Rec. 119 (1954) 11–33.

[76] A.M. Rappaport, G.Y. Hiraki, The anatomical pattern of lesions in the liver, Acta

Anat. (Basel) 32 (1958) 126–140.
[77] R.G. Gieling, J.M. Ruijter, A.A. Maas, M.A. Van Den Bergh Weerman,

K.P. Dingemans, F.J. ten Kate, R.H. Lekanne dit Deprez, A.F. Moorman,
W.H. Lamers, Hepatic response to right ventricular pressure overload,
Gastroenterology 127 (2004) 1210–1221.

[78] A.M. Rappaport, The microcirculatory hepatic unit, Microvasc. Res. 6 (1973)
212–228.

[79] M.K. Samoszuk, J. Walter, E. Mechetner, Improved immunohistochemical method
for detecting hypoxia gradients in mouse tissues and tumors, J. Histochem.
Cytochem. 52 (2004) 837–839.

[80] B. Quistorff, B. Chance, Redox scanning in the study of metabolic zonation of liver,
in: R.G. Thurman, F.C. Kauffman, K. Jungermann (Eds.), Regulation of Hepatic
Metabolism. Intra- and Intercellular Compartmentation, Plenum Press, New York,
1986, pp. 185–209.

[81] K.O. Lindros, K.E. Penttila, Digitonin-collagenase perfusion for efficient separation
of periportal or perivenous hepatocytes, Biochem. J. 228 (1985) 757–760.

[82] B. Quistorff, N. Grunnet, N.W. Cornell, Digitonin perfusion of rat liver. A new
approach in the study of intra-acinar and intracellular compartmentation in the
liver, Biochem. J. 226 (1985) 289–297.

[83] G.T. Wagenaar, R.A. Chamuleau, J.G. de Haan, M.A. Maas, P.A. de Boer, F. Marx,
A.F. Moorman, W.M. Frederiks, W.H. Lamers, Experimental evidence that the
physiological position of the liver within the circulation is not a major determinant
of zonation of gene expression, Hepatology 18 (1993) 1144–1153.

[84] G.T. Wagenaar, R.A. Chamuleau, M.A. Maas, K. de Bruin, H.A. Korfage,
W.H. Lamers, The physiological position of the liver in the circulation is not a
major determinant of its functional capacity, Hepatology 20 (1994) 1532–1540.

[85] R.S. McCuskey, The hepatic microvascular system in health and its response to
toxicants, Anat Rec (Hoboken) 291 (2008) 661–671.

[86] W. Ekataksin, K. Wake, New concepts in liver and vascular anatomy of the liver,
Prog. Liver Dis. 15 (1997) 1–30.

[87] W. Ekataksin, K. Wake, New concepts in biliary and vascular anatomy of the liver,
Prog. Liver Dis. 15 (1997) 1–30.

[88] W.H. Lamers, J.L. Vermeulen, T.B. Hakvoort, A.F. Moorman, Expression pattern of
glutamine synthetase marks transition from collecting into conducting hepatic
veins, J. Histochem. Cytochem. 47 (1999) 1507–1512.

[89] B. Wang, L. Zhao, M. Fish, C.Y. Logan, R. Nusse, Self-renewing diploid Axin2(+)
cells fuel homeostatic renewal of the liver, Nature 524 (2015) 180–185.

[90] F.P. Johnson, The isolation, shape, size, and number of the lobules of the pig's
liver, Am. J. Anat. 23 (1918) 273–283.

[91] H. Braus, Eingeweide, Anatomie des Menschen. Ein Lehrbuch für Studierende und
Ärzte, Springer, Berlin, 1924, p. 317 Figure 162.

[92] W. Ekataksin, The isolated artery: an intrahepatic arterial pathway that can bypass
the lobular parenchyma in mammalian livers, Hepatology 31 (2000) 269–279.

[93] K.E. Madkan, S. Raju, Comparative histology of human and cow, goat and sheep
liver, J. Surg. Acad. 4 (2014) 10–13.

[94] C. Gokgol, C. Basdogan, D. Canadinc, Estimation of fracture toughness of liver
tissue: experiments and validation, Med. Eng. Phys. 34 (2012) 882–891.

[95] B. Yarpuzlu, M. Ayyildiz, O.E. Tok, R.G. Aktas, C. Basdogan, Correlation between
the mechanical and histological properties of liver tissue, J. Mech. Behav. Biomed.
Mater. 29 (2014) 403–416.

[96] H. Boxenbaum, Interspecies variation in liver weight, hepatic blood flow, and
antipyrine intrinsic clearance: extrapolation of data to benzodiazepines and phe-
nytoin, J. Pharmacokinet. Biopharm. 8 (1980) 165–176.

[97] C. Ocqueteau, M. Cury, L. Becker, E. Morgado, U. Gonzalez, L. Muxica, B. Gunther,
Three-dimensional morphometry of mammalian cells. I. Diameters, Arch Biol.
Med. Exp. (Santiago) 22 (1989) 89–95.

[98] C.J. Epstein, Cell size, nuclear content, and the development of polyploidy in the
mammalian liver, Proc. Natl. Acad. Sci. U. S. A. 57 (1967) 327–334.

[99] G.I. Stein, B.N. Kudryavtsev, A method for investigating hepatocyte poly-
ploidization kinetics during postnatal development in mammals, J. Theor. Biol.
156 (1992) 349–363.

[100] B.N. Kudryavtsev, M.V. Kudryavtseva, G.A. Sakuta, G.I. Stein, Human hepatocyte
polyploidization kinetics in the course of life cycle, Virchows Arch B Cell Pathol.
Incl. Mol. Pathol. 64 (1993) 387–393.

[101] A.E. Vinogradov, O.V. Anatskaya, B.N. Kudryavtsev, Relationship of hepatocyte
ploidy levels with body size and growth rate in mammals, Genome 44 (2001)
350–360.

[102] S.L. Lindstedt, P.J. Schaeffer, Use of allometry in predicting anatomical and
physiological parameters of mammals, Lab. Anim. 36 (2002) 1–19.

[103] M.J.A.P. Daemen, H.H.W. Thijssen, H. Van Essen, H.T.M. Vervoort-Peters,
F.W. Prinzen, H.A.J. Struyker Boudier, J.F.M. Smits, Liver blood flow measure-
ment in the rat. The electromagnetic versus the microsphere and the clearance
methods, J. Pharmacol. Methods 22 (1989) 287–297.

[104] R. Materne, A.M. Smith, F. Peeters, J.P. Dehoux, A. Keyeux, Y. Horsmans, B.E. Van
Beers, Assessment of hepatic perfusion parameters with dynamic MRI, Magn.
Reson. Med. 47 (2002) 135–142.

[105] J.L. Nxumalo, M. Teranaka, W.G. Schenk Jr., Hepatic blood flow measurement III.
Total hepatic blood flow measured by ICG clearance and electromagnetic flow-
meters in a canine septic shock model, Ann. Surg. 187 (1978) 299–302.

[106] G.B. Huntington, C.K. Reynolds, B.H. Stroud, Techniques for measuring blood flow
in splanchnic tissues of cattle, J. Dairy Sci. 72 (1989) 1583–1595.

[107] T. Terada, F. Ishida, Y. Nakanuma, Vascular plexus around intrahepatic bile ducts
in normal livers and portal hypertension, J. Hepatol. 8 (1989) 139–149.

[108] Y. Watanabe, G.P. Puschel, A. Gardemann, K. Jungermann, Presinusoidal and
proximal intrasinusoidal confluence of hepatic artery and portal vein in rat liver:
functional evidence by orthograde and retrograde bivascular perfusion,

N. Kruepunga et al. BBA - Molecular Basis of Disease 1865 (2019) 869–878

876

http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0235
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0235
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0235
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0240
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0240
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0245
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0245
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0250
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0250
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0250
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0250
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0250
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0255
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0255
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0260
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0260
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0260
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0265
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0265
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0265
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0270
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0270
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0270
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0270
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0275
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0275
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0275
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0280
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0280
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0280
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0285
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0285
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0290
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0290
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0295
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0295
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0295
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0300
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0300
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0300
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0300
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0305
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0305
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0310
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0310
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0310
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0315
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0315
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0315
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0315
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0320
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0320
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0320
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0325
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0325
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0330
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0330
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0330
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0330
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0335
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0335
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0335
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0335
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0340
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0340
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0345
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0345
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0345
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0350
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0350
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0355
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0355
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0355
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0360
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0360
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0360
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0360
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0365
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0365
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0370
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0370
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0370
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0375
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0375
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0375
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0380
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0380
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0385
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0385
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0385
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0385
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0390
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0390
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0395
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0395
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0395
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0400
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0400
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0400
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0400
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0405
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0405
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0410
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0410
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0410
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0415
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0415
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0415
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0415
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0420
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0420
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0420
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0425
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0425
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0430
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0430
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0435
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0435
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0440
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0440
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0440
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0445
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0445
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0450
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0450
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0455
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0455
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0460
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0460
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0465
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0465
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0470
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0470
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0475
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0475
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0475
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0480
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0480
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0480
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0485
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0485
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0485
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0490
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0490
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0495
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0495
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0495
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0500
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0500
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0500
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0505
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0505
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0505
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0510
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0510
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0515
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0515
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0515
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0515
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0520
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0520
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0520
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0525
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0525
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0525
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0530
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0530
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0535
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0535
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0540
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0540
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0540


Hepatology 19 (1994) 1198–1207.
[109] B. Alexander, C. Rogers, R. Naftalin, Hepatic arterial perfusion decreases in-

trahepatic shunting and maintains glucose uptake in the rat liver, Pflugers Arch.
444 (2002) 291–298.

[110] W.W. Lautt, Hepatic Circulation: Physiology and Pathophysiology, Morgan &
Claypool Life Sciences, San Rafael, 2010.

[111] G. Oldani, S. Lacotte, L.A. Orci, V. Delaune, F. Slits, Q. Gex, P. Morel, L. Rubbia-
Brandt, C. Toso, Efficient nonarterialized mouse liver transplantation using 3-di-
mensional-printed instruments, Liver Transpl. 22 (2016) 1688–1696.

[112] S. Yokota, S. Ueki, Y. Ono, N. Kasahara, A. Perez-Gutierrez, S. Kimura, O. Yoshida,
N. Murase, Y. Yasuda, D.A. Geller, A.W. Thomson, Orthotopic mouse liver trans-
plantation to study liver biology and allograft tolerance, Nat. Protoc. 11 (2016)
1163–1174.

[113] S. Todo, L. Makowka, A.G. Tzakis, J.W. Marsh Jr., F.M. Karrer, M. Armany,
C. Miller, M.B. Tallent, C.O. Esquivel, R.D. Gordon, et al., Hepatic artery in liver
transplantation, Transplant. Proc. 19 (1987) 2406–2411.

[114] B.J. Stange, M. Glanemann, N.C. Nuessler, U. Settmacher, T. Steinmuller,
P. Neuhaus, Hepatic artery thrombosis after adult liver transplantation, Liver
Transpl. 9 (2003) 612–620.

[115] T. Nosaka, J.L. Bowers, O. Cay, M.E. Clouse, Biliary complications after orthotopic
liver transplantation in rats, Surg. Today 29 (1999) 963–965.

[116] A. Kashfi, A. Mehrabi, P.S. Pahlavan, P. Schemmer, C.N. Gutt, H. Friess,
M.M. Gebhard, J. Schmidt, M.W. Buchler, T.W. Kraus, A review of various tech-
niques of orthotopic liver transplantation in the rat, Transplant. Proc. 37 (2005)
185–188.

[117] F.C. Mann, S.D. Brimhall, J.P. Foster, The extrahepatic biliary tract in common
domestic and laboratory animals, Anat. Rec. (Hoboken) 18 (1920) 47–66.

[118] F.G. Court, S.A. Wemyss-Holden, C.P. Morrison, B.D. Teague, P.E. Laws, J. Kew,
A.R. Dennison, G.J. Maddern, Segmental nature of the porcine liver and its po-
tential as a model for experimental partial hepatectomy, Br. J. Surg. 90 (2003)
440–444.

[119] F.G. Stan, C. Matonos, C. Dezdrobitu, A. Damian, A. Gudea, Detailed morpholo-
gical description of the liver and hepatic ligaments in the guinea pig (Cavia por-
cellus), Scientific Works, Series C (veterinary medicine), 13 2014, pp. 35–41.

[120] K. Stamatova-Yovcheva, R. Dimitrov, P. Yonkova, A. Russenov, D. Yovchev,
D. Kostov, Comparative imaging anatomic study of domestic rabbit liver
(Oryctolagus cuniculus), Trakia J. Sci. 10 (2012) 57–63.

[121] T. Miyaki, H. Ito, Patterns of arterial supply in Japanese and rhesus macaques,
Anthropol. Sci. 102 (1994) 155–163.

[122] D. Mariappa, Anatomy and Histology of the Indian Elephant, Indira Publishing
House, West Bloomfield, 1986.

[123] K.-D. Budras, W.O. Sack, S. Rock, Abdominal wall and cavity, Anatomy of the
Horse: An Illustrated Text, Schlütersche, Hannover, 2003, pp. 58–65.

[124] B. Cozzi, S. Huggenberger, H.A. Öllschläger, Feeding and the digestive system,
Anatomy of Dolphins. Insights Into Body Structure and Function, Elsevier,
Amsterdam, 2017, pp. 339–368.

[125] S.W. Tinker, The digestive system, Whales of the World, Brill, Leiden, 1988, pp.
57–64.

[126] B. Cozzi, H.A. Huggenberger, H.S. Ölschläger, Feeding and the digestive system,
in: B. Cozzi, H.A. Huggenberger, H.S. Ölschläger (Eds.), Anatomy of Dolphins.
Insights into Body Structure and Function, Elsevier, Amsterdam, 2017, pp.
339–368.

[127] S.K. Sarin, C. Sabba, R.J. Groszmann, Splanchnic and systemic hemodynamics in
mice using a radioactive microsphere technique, Am. J. Phys. 258 (1990)
G365–G369.

[128] R.W. Barbee, B.D. Perry, R.N. Re, J.P. Murgo, Microsphere and dilution techniques
for the determination of blood flows and volumes in conscious mice, Am. J. Phys.
263 (1992) R728–R733.

[129] C. Richer, V. Domergue, M. Gervais, P. Bruneval, J.F. Giudicelli, Fluospheres for
cardiovascular phenotyping genetically modified mice, J. Cardiovasc. Pharmacol.
36 (2000) 396–404.

[130] M.M. Hallemeesch, G.A. Ten Have, N.E. Deutz, Metabolic flux measurements
across portal drained viscera, liver, kidney and hindquarter in mice, Lab. Anim. 35
(2001) 101–110.

[131] C.S. Chung, S. Yang, G.Y. Song, J. Lomas, P. Wang, H.H. Simms, I.H. Chaudry,
A. Ayala, Inhibition of Fas signaling prevents hepatic injury and improves organ
blood flow during sepsis, Surgery 130 (2001) 339–345.

[132] S. Yang, C.S. Chung, A. Ayala, I.H. Chaudry, P. Wang, Differential alterations in
cardiovascular responses during the progression of polymicrobial sepsis in the
mouse, Shock 17 (2002) 55–60.

[133] C. Xie, W. Wei, T. Zhang, O. Dirsch, U. Dahmen, Monitoring of systemic and he-
patic hemodynamic parameters in mice, J. Vis. Exp. 92 (2014) e51955, , http://dx.
doi.org/10.3791/51955.

[134] T.B. Hakvoort, Y. He, W. Kulik, J.L. Vermeulen, S. Duijst, J.M. Ruijter, J.H. Runge,
N.E. Deutz, S.E. Koehler, W.H. Lamers, Pivotal role of glutamine synthetase in
ammonia detoxification, Hepatology 65 (2017) 281–293.

[135] J. Idvall, Influence of ketamine anesthesia on cardiac output and tissue perfusion
in rats subjected to hemorrhage, Anesthesiology 55 (1981) 297–304.

[136] R.J. Groszmann, J. Vorobioff, E. Riley, Splanchnic hemodynamics in portal-hy-
pertensive rats: measurement with gamma-labeled microspheres, Am. J. Phys. 242
(1982) G156–G160.

[137] J. Vorobioff, J.E. Bredfeldt, R.J. Groszmann, Increased blood flow through the
portal system in cirrhotic rats, Gastroenterology 87 (1984) 1120–1126.

[138] J. Casado, X. Remesar, M. Pastor-Anglada, Hepatic uptake of amino acids in late-
pregnant rats. Effect of food deprivation, Biochem. J. 248 (1987) 117–122.

[139] T. Kawasaki, F.J. Carmichael, V. Saldivia, L. Roldan, H. Orrego, Relationship

between portal venous and hepatic arterial blood flows: spectrum of response, Am.
J. Physiol. Gastrointest. Liver Physiol. 259 (1990) G1010–G1018.

[140] C.H.C. Dejong, N.E.P. Deutz, P.B. Soeters, Inter-organ nitrogen exchange during
prolonged starvation in the rat, J. Clin. Nutr. Gastroenterol. 6 (1991) 176–183.

[141] D.M. Nott, S.J. Grime, J. Yates, J.N. Baxter, T.G. Cookel, S.A. Jenkins, Changes in
hepatic haemodynamics in rats with overt liver tumour, Br. J. Cancer 64 (1991)
1088–1092.

[142] P. Wang, Z.F. Ba, I.H. Chaudry, Increase in hepatic blood flow during early sepsis
is due to increased portal blood flow, Am. J. Phys. Regul. Integr. Comp. Phys. 261
(1991) R1507–R1512.

[143] B. Vollmar, P.F. Conzen, T. Kerner, H. Habazettl, M. Vied, H. Waldner, K. Peter,
Blood flow and tissue oxygen pressures of liver and pancreas in rats: effects of
volatile anesthetics and of hemorrhage, Anesth. Analg. 75 (1992) (1992) 421–430.

[144] P.F. Conzen, B. Vollmar, H. Habazettl, E.J. Frink, K. Peter, K. Messmer, Systemic
and regional hemodynamics of isoflurane and sevoflurane in rats, Anesth. Analg.
74 (1992) 79–88.

[145] I. de Blaauw, N.E. Deutz, M.F. Von Meyenfeldt, In vivo amino acid metabolism of
gut and liver during short and prolonged starvation, Am. J. Phys. 270 (1996)
G298–G306.

[146] M.D. Delp, M.V. Evans, C. Duan, Effects of aging on cardiac output, regional blood
flow, and body composition in Fischer-344 rats, J. Appl. Physiol. 85 (1998) (1985)
1813–1822.

[147] N. Smail, R.A. Catania, P. Wang, W.G. Cioffi, K.I. Bland, I.H. Chaudry, Gut and
liver: the organs responsible for increased nitric oxide production after trauma-
hemorrhage and resuscitation, Arch. Surg. 133 (1998) 399–405.

[148] M. Gervais, P. Demolis, V. Domergue, M. Lesage, C. Richer, J.F. Giudicelli,
Systemic and regional hemodynamics assessment in rats with fluorescent micro-
spheres, J. Cardiovasc. Pharmacol. 33 (1999) 425–432.

[149] M.A. Boermeester, A.P.J. Houdijk, I.H. Straatsburg, C.J.F. van Noorden,
P.A.M. van Leeuwen, Organ blood flow after partial hepatectomy in rats: mod-
ification by endotoxin-neutralizing bactericidal/permeability-increasing protein
(rBPI23), J. Hepatol. 31 (1999) 905–912.

[150] B. Alexander, H. Cottam, R. Naftalin, Hepatic arterial perfusion regulates portal
venous flow between hepatic sinusoids and intrahepatic shunts in the normal rat
liver in vitro, Pflugers Arch. 443 (2001) 257–264.

[151] X. Li, I.S. Benjamin, B. Alexander, The role of nitric oxide in systemic and hepatic
haemodynamics in the rat in vivo, Naunyn Schmiedeberg's Arch. Pharmacol. 368
(2003) 142–149.

[152] S. Klein, J. Rick, J. Lehmann, R. Schierwagen, I.G. Schierwagen, L. Verbeke,
K. Hittatiya, F.E. Uschner, S. Manekeller, C.P. Strassburg, K.U. Wagner,
P.P. Sayeski, D. Wolf, W. Laleman, T. Sauerbruch, J. Trebicka, Janus-kinase-2
relates directly to portal hypertension and to complications in rodent and human
cirrhosis, Gut 66 (2017) 145–155.

[153] J.M. Neutze, F. Wyler, A.M. Rudolph, Use of radioactive microspheres to assess
distribution of cardiac output in rabbits, Am. J. Phys. 215 (1968) 486–495.

[154] M.C. Pere, M. Gilbert, A. Assan, F.C. Battaglia, Studies of gut and hepatic meta-
bolism in conscious rabbits, Am. J. Physiol. Endocrinol. Metab. 252 (1987)
E573–E580.

[155] M.K. Kapanen, J.T. Halavaara, A.M. Hakkinen, Open four-compartment model in
the measurement of liver perfusion, Acad. Radiol. 12 (2005) 1542–1550.

[156] S. Hayashi, K. Dono, J. Shimizu, T. Murakami, M. Takamura, T. Kim, M. Hori,
Z. Lu, H. Nagano, S. Nakamori, M. Sakon, H. Nakamura, M. Monden, New mea-
surement of hepatic blood flow by xenon CT system: an animal study with PGE1, J.
Surg. Res. 129 (2005) 24–30.

[157] T. Zhu, Q. Pang, S.A. McCluskey, C. Luo, Effect of propofol on hepatic blood flow
and oxygen balance in rabbits, Can. J. Anaesth. 55 (2008) 364–370.

[158] R.P. Forsyth, A.S. Nies, F. Wyler, J. Neutze, K.L. Melmon, Normal distribution of
cardiac output in the unanestheticed, restrained rhesus monkey, J. Appl. Physiol.
25 (1968) 736–741.

[159] S. Kaihara, P.D. Van Heerden, T. Migita, H.N. Wagner Jr., Measurement of dis-
tribution of cardiac output, J. Appl. Physiol. 25 (1968) 696–700.

[160] M.L. Katz, E.N. Bergman, Simultaneous measurements of hepatic and portal ve-
nous blood flow in the sheep and dog, Am. J. Phys. 216 (1969) 946–952.

[161] G. Slater, B.C. Vladeck, R. Bassin, W.C. Shoemaker, Sequential changes in hepatic
blood flows during hemorrhagic shock, Am. J. Phys. 223 (1972) 1428–1432.

[162] R.L. Hughes, R.T. Mathie, W. Fitch, D. Campbell, Liver blood flow and oxygen
consumption during metabolic acidosis and alkalosis in the greyhound, Clin. Sci.
60 (1980) 355–361.

[163] C.H. Shatney, J.W. Harmon, N.M. Rich, Hepatic blood flow after canine porta-
systemic shunting, Ann. Surg. 196 (1982) 153–161.

[164] S. Gelman, K.C. Fowler, L.R. Smith, Liver circulation and function during iso-
flurane and halothane anesthesia, Anesthesiology 61 (1984) 726–730.

[165] J.M. Bernard, M.F. Doursout, P. Wouters, C.J. Hartley, M. Cohen, R.G. Merin,
J.E. Chelly, Effects of enflurane and isoflurane on hepatic and renal circulations in
chronically instrumented dogs, Anesthesiology 74 (1991) 298–302.

[166] J.M. Bernard, M.F. Doursout, P. Wouters, C.J. Hartley, R.G. Merin, J.E. Chelly,
Effects of sevoflurane and isoflurane on hepatic circulation in the chronically in-
strumented dog, Anesthesiology 77 (1992) 541–545.

[167] E.J. Frink Jr., S.E. Morgan, A. Coetzee, P.F. Conzen, B.R. Brown Jr., The effects of
sevoflurane, halothane, enflurane, and isoflurane on hepatic blood flow and
oxygenation in chronically instrumented greyhound dogs, Anesthesiology 76
(1992) 85–90.

[168] P.V. Rao, R.F. Stahl, B.R. Soller, K.G. Shortt, C. Hsi, K.J. Cotter, J.M. BelleIsle,
J.M. Moran, Retrograde abdominal visceral perfusion: is it beneficial? Ann.
Thorac. Surg. 60 (1995) 1704–1708.

[169] M. Kleen, O. Habler, J. Hutter, A. Podtschaske, M. Tiede, G. Kemming, C. Corso,

N. Kruepunga et al. BBA - Molecular Basis of Disease 1865 (2019) 869–878

877

http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0540
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0545
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0545
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0545
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0550
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0550
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0555
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0555
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0555
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0560
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0560
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0560
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0560
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0565
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0565
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0565
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0570
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0570
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0570
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0575
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0575
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0580
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0580
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0580
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0580
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0585
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0585
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0590
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0590
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0590
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0590
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0595
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0595
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0595
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0600
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0600
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0600
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0605
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0605
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0610
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0610
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0615
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0615
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0620
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0620
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0620
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0625
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0625
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0630
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0630
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0630
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0630
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0635
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0635
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0635
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0640
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0640
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0640
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0645
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0645
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0645
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0650
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0650
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0650
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0655
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0655
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0655
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0660
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0660
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0660
http://dx.doi.org/10.3791/51955
http://dx.doi.org/10.3791/51955
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0670
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0670
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0670
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0675
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0675
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0680
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0680
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0680
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0685
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0685
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0690
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0690
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0695
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0695
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0695
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0700
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0700
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0705
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0705
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0705
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0710
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0710
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0710
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0715
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0715
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0715
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0720
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0720
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0720
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0725
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0725
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0725
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0730
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0730
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0730
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0735
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0735
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0735
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0740
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0740
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0740
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0745
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0745
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0745
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0745
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0750
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0750
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0750
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0755
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0755
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0755
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0760
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0760
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0760
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0760
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0760
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0765
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0765
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0770
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0770
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0770
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0775
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0775
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0780
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0780
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0780
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0780
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0785
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0785
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0790
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0790
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0790
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0795
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0795
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0800
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0800
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0805
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0805
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0810
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0810
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0810
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0815
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0815
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0820
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0820
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0825
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0825
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0825
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0830
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0830
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0830
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0835
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0835
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0835
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0835
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0840
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0840
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0840
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0845


S. Batra, P. Keipert, S. Faithfull, K. Messmer, Effects of hemodilution on splanchnic
perfusion and hepatorenal function. I. Splanchnic perfusion, Eur. J. Med. Res. 2
(1997) 413–418.

[170] D.N. Kisauzi, B.F. Leek, Liver blood flow and volatile fatty acid utilization in sheep
before and after carbon tetrachloride treatment, J. Comp. Pathol. 98 (1988)
471–480.

[171] D.G. Burrin, C.L. Ferrell, J.H. Eisemann, R.A. Britton, J.A. Nienaber, Effect of level
of nutrition on splanchnic blood flow and oxygen consumption in sheep, Br. J.
Nutr. 62 (1989) 23–34.

[172] J. Vernet, P. Noziere, S. Leger, D. Sauvant, I. Ortigues-Marty, Responses of hepatic
blood flows to changes in intake in sheep: a meta-analysis, Animal 3 (2009)
1387–1400.

[173] S. Gelman, E. Dillard, E.L. Bradley Jr., Hepatic circulation during surgical stress
and anesthesia with halothane, isoflurane, or fentanyl, Anesth. Analg. 66 (1987)
936–943.

[174] S. Gelman, E. Dillard, D.A. Parks, Glucagon increases hepatic oxygen supply-de-
mand ratio in pigs, Am. J. Phys. 252 (1987) G648–G653.

[175] K. Nagano, S. Gelman, D. Parks, E.L. Bradley Jr., Hepatic circulation and oxygen
supply-uptake relationships after hepatic ischemic insult during anesthesia with
volatile anesthetics and fentanyl in miniature pigs, Anesth. Analg. 70 (1990)
53–62.

[176] G.A. Ten Have, M.C. Bost, J.C. Suyk-Wierts, A.E. van den Bogaard, N.E. Deutz,
Simultaneous measurement of metabolic flux in portally-drained viscera, liver,
spleen, kidney and hindquarter in the conscious pig, Lab. Anim. 30 (1996)
347–358.

[177] N. Tygstrup, K. Winkler, K. Mellemgaard, M. Andreassen, Determination of the
hepatic arterial blood flow and oxygen supply in man by clamping the hepatic
artery during surgery, J. Clin. Invest. 41 (1962) 447–454.

[178] W.G. Schenk Jr., D.J. Mc, D.K. Mc, T. Drapanas, Direct measurement of hepatic
blood flow in surgical patients: with related observations on hepatic flow dy-
namics in experimental animals, Ann. Surg. 156 (1962) 463–471.

[179] F. Jakab, Z. Rath, F. Schmal, P. Nagy, J. Faller, A new method to measure portal
venous and hepatic arterial blood flow in patients intraoperatively, HPB Surg. 9
(1996) 239–243.

[180] M.P. Siroen, J.R. van der Sijp, T. Teerlink, C. van Schaik, R.J. Nijveldt, P.A. van
Leeuwen, The human liver clears both asymmetric and symmetric dimethylargi-
nine, Hepatology 41 (2005) 559–565.

[181] M.J. Schindl, A.M. Millar, D.N. Redhead, K.C. Fearon, J.A. Ross, C.H. Dejong,
O.J. Garden, S.J. Wigmore, The adaptive response of the reticuloendothelial

system to major liver resection in humans, Ann. Surg. 243 (2006) 507–514.
[182] M.C. van de Poll, G.C. Ligthart-Melis, P.G. Boelens, N.E. Deutz, P.A. van Leeuwen,

C.H. Dejong, Intestinal and hepatic metabolism of glutamine and citrulline in
humans, J. Physiol. 581 (2007) 819–827.

[183] H.J. Schalkx, E.T. Petersen, N.H. Peters, W.B. Veldhuis, M.S. van Leeuwen,
J.P. Pluim, M.A. van den Bosch, M. van Stralen, Arterial and portal venous liver
perfusion using selective spin labelling MRI, Eur. Radiol. 25 (2015) 1529–1540.

[184] M.A. Lomax, G.D. Baird, Blood flow and nutrient exchange across the liver and gut
of the dairy cow; effects of lactation and fasting, Br. J. Nutr. 49 (1983).

[185] C.K. Reynolds, G.B. Huntington, Partition of portal-drained visceral net flux in
beef steers 1. Blood flow and net flux of oxygen, glucose, and nitrogenous com-
pounds across stomach and post-stomach tissues, Br. J. Nutr. 60 (1988) 539–551.

[186] G.B. Huntington, J.H. Eisemann, J.M. Whitt, Portal blood flow in beef steers:
comparison of techniques and relation to hepatic blood flow, cardiac output and
oxygen uptake, J. Anim. Sci. 68 (1990) 1666–1673.

[187] F. Guerino, G.B. Huntington, R.A. Erdman, The net portal and hepatic flux of
metabolites and oxygen consumption in growing beef steers given postruminal
casein, J. Anim. Sci. 69 (1991) 387–395.

[188] C.R. Krehbiel, D.L. Harmon, J.E. Schneider, Effect of increasing ruminal butyrate
on portal and hepatic nutrient flux in steers, J. Anim. Sci. 70 (1992) 904–914.

[189] D.L. Harmon, K.K. Kreikemeier, K.L. Gross, Influence of addition of monensin to an
alfalfa hay diet on net portal and hepatic nutrient flux in steers, J. Anim. Sci. 71
(1993) 218–225.

[190] S.A. Maltby, C.K. Reynolds, M.A. Lomax, D.E. Beever, Splanchnic metabolism of
nitrogenous compounds and urinary nitrogen excretion in steers fed alfalfa under
conditions of increased absorption of ammonia and L-arginine supply across the
portal-drained viscera, J. Anim. Sci. 83 (2005) 1075–1087.

[191] C.C. Taylor-Edwards, D.G. Burrin, N.B. Kristensen, J.J. Holst, K.R. McLeod,
D.L. Harmon, Glucagon-like peptide-2 (GLP-2) increases net amino acid utilization
by the portal-drained viscera of ruminating calves, Animal 6 (2012) 1985–1997.

[192] A. Starke, K. Wussow, L. Matthies, M. Kusenda, R. Busche, A. Haudum, A. Beineke,
C. Pfarrer, J. Rehage, Minimally-invasive catheterization of the portal, hepatic and
cranial mesenteric veins and the abdominal aorta for quantitative determination
of hepatic metabolism in dairy cows, Vet. J. 192 (2012) 403–411.

[193] J.M. Rodriguez-Lopez, G. Cantalapiedra-Hijar, D. Durand, A. Isserty-Thomas,
I. Ortigues-Marty, Influence of the para-aminohippuric acid analysis method on
the net hepatic flux of nutrients in lactating cows, J. Anim. Sci. 92 (2014)
1074–1082.

N. Kruepunga et al. BBA - Molecular Basis of Disease 1865 (2019) 869–878

878

http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0845
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0845
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0845
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0850
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0850
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0850
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0855
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0855
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0855
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0860
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0860
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0860
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0865
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0865
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0865
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0870
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0870
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0875
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0875
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0875
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0875
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0880
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0880
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0880
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0880
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0885
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0885
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0885
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0890
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0890
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0890
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0895
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0895
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0895
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0900
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0900
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0900
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0905
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0905
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0905
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0910
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0910
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0910
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0915
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0915
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0915
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0920
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0920
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0925
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0925
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0925
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0930
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0930
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0930
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0935
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0935
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0935
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0940
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0940
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0945
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0945
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0945
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0950
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0950
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0950
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0950
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0955
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0955
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0955
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0960
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0960
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0960
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0960
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0965
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0965
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0965
http://refhub.elsevier.com/S0925-4439(18)30189-3/rf0965

	Anatomy of rodent and human livers: What are the differences?
	Introduction
	Lobar architecture
	Murine liver
	Human liver

	How important is the presence of a gallbladder?
	Lobular architecture
	Lobular perfusion
	Conclusions
	Transparency document
	References




