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ARTICLE INFO ABSTRACT

Handling Editor: Mathieu Vinken Data from in vitro studies are routinely used to estimate in vivo hepatic clearance of chemicals and this infor-
mation is needed to parameterise physiologically based kinetic models. Such clearance data can be obtained from
laboratory experiments using liver microsomes, hepatocytes, precision-cut liver slices or recombinant enzymes.
Irrespective of the selected test system, scaling factors are required to convert the in vitro measured intrinsic
clearance to a whole liver intrinsic clearance. Scaling factors such as the hepatic microsomal protein per gram of
liver and/or the amount of cytochrome P450 per hepatocyte provide a means to calculate the whole liver
intrinsic clearance. Here, a database from the peer-reviewed literature has been developed and provides quan-
titative metrics on microsomal protein (MP) and cytochrome P450 contents in vertebrate orders namely am-
phibians, mammals, birds, fish and reptiles. This database allows to address allometric relationships between
body weight and MP content, and body weight and cytochrome P450 content. A total of 85 and 74 vertebrate
species were included to assess the relationships between 1log10 body weight versus log10 MP, and between log10
body weight and 1log10 cytochrome P450 content, respectively. The resulting slopes range from 0.76 to 1.45 in a
range of vertebrate species. Such data-driven allometric relationships can be used to estimate the MP content
necessary for in vitro to in vivo extrapolation of in vitro clearance data. Future work includes applications of these
relationships for different vertebrate taxa using quantitative in vitro to in vivo extrapolation models coupled to
physiologically based kinetic models using chemicals of relevance as case studies including pesticides, con-
taminants and feed additives.
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1. Introduction Data from in vitro studies are now routinely used to estimate hepatic

clearance of chemicals. These data can be obtained with liver micro-

For xenobiotics that are not or only partly metabolised, allometric
scaling provides an efficient method to quantify and predict inter-
species differences in kinetic processes (Huang et al., 2015; Hunter,
2010; Poggesi, 2004). However, despite the fact that the biotransfor-
mation enzyme family cytochrome P450 (CYP450) is well conserved
phylogenetically, relatively small differences in the primary amino acid
sequences between CYP isoforms across species give rise to profound
differences in substrate specificity and catalytic activity for xenobiotics.
Thus, differences in CYP isoforms across taxa represent a major variable
in inter-species differences in relation to xenobiotic metabolism and
allometric scaling of CYP-mediated clearances across species remains a
challenge (Martignoni et al., 2006).
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somes, fresh or cryopreserved hepatocytes, precision-cut liver slices or
recombinant enzymes. Regardless of the in vitro method applied to es-
timate clearance, scaling factors are needed to convert units of in vitro-
derived intrinsic clearance (Clint) to estimate the whole organ intrinsic
clearance (Barter et al., 2007). In humans, a combination of microsomal
protein per gram liver (MPPGL) and hepatic enzyme abundance
(amount of cytochrome P450 (CYP450)) is used to scale data from
human liver fractions and recombinantly expressed enzyme systems,
respectively (Hakooz et al., 2006; Smith et al., 2008; Wilson et al.,
2003). The Clint values expressed on a per gram liver basis can then be
scaled to a whole liver, based on the liver weight of the species and/or
individual of interest.
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For humans and several laboratory species including the rat, hepatic
cell lines and test systems based on primary cells or tissue are available,
as well as established scaling factors from the peer-reviewed literature
and these allow to scale in vitro liver Clint data to the in vivo situation
(Chiba et al., 2009). For farm animals or wildlife, it is common to obtain
microsomes from fresh liver samples to measure the Clint of chemicals,
as they are generally not commercially available. Unfortunately, very
often the MPPGL values are not reported in the literature, and, as indi-
cated before, this parameter value is a critical scaling factor to extrap-
olate in vitro clearance data to an in vivo clearance. The in vitro-in vivo
extrapolation method allows generation of quantitative data on meta-
bolism of chemicals prior to studying kinetics in vivo and the opportunity
to compare inter-species differences in metabolism, especially when
such data are being applied in physiologically based kinetic (PBK)
models. This is particularly valuable for further development of ap-
proaches to derive quantitative chemical-specific assessment factors for
species-differences in kinetics, as alternative to the use of the proposed
default uncertainty factor, allowing for a better application of
inter-species differences in kinetic processes in safety assessment
(Dorne, 2010; WHO, 2005). In animal-free toxicity testing strategies, the
results of in vitro Clint and in silico derived parameters such as partition
coefficients, are needed for the development and application of PBK
models and allow the prediction of (species-specific) dose-dependent
internal concentrations in a range of biological fluids and tissues (Kas-
teel et al., 2021; Punt et al., 2022a; Punt et al., 2022b; Punt et al., 2021).

Over the past century, hundreds of allometric relationships have
been derived for physiological and ecological parameters amongst
virtually all vertebrate groups. There is ample evidence that processes
such as RNA and DNA levels, plant and animal metabolic rates, cancer
metastasis, organ weights, and blood flow scale with body size over a
range of organism sizes (Burness et al., 1999; Davies and Moyes, 2007;
Edwards, 1975; Else and Hulbert, 1985; Hendriks, 1999; Hendriks,
2007; Lindstedt and Schaeffer, 2002; Martinez et al., 2006). The
dependence on body size, is usually described by the equation y = aMP,
where “y” is the parameter of interest, “a” is a normalisation coefficient,
“M” is body mass, and “b” is the scaling coefficient. Allometric scaling is
an important methodology which is applied often for the prediction of
the body clearance in a given species for which data are lacking while
using available body clearance data from another species (Huang et al.,
2015). However, while liver weight and hepatic blood flow are also well
known for scaling allometrically (e.g., (Boxenbaum, 1980)), hepatic
metabolism markedly differs between species (Hunter and Isaza, 2008;
Nebbia et al., 2001), both in phase I and phase II metabolism (Dacasto
et al., 2005; Giantin et al., 2008; Jancova et al., 2010; Matal et al., 2008;
Nebbia, 2001). Information on such species differences can be
chemical-dependent and is often lacking, and in vitro clearance studies
obtained with liver tissues can be performed to quantify such species
differences in vitro. However, application of such data in PBK models is
hampered by the lack of established in vitro-in vivo scaling factors,
including MPPGL and or cytochrome P450 content. So far, allometric
relationships have not been reported for liver metabolism scaling factors
in a wide range of species. Given the lack of such scaling factors for
different taxa, it is therefore of interest to establish such allometric
relationships.

Hence, this study aimed to perform a systematic data collection on
biochemical and physiological parameters namely microsomal protein
(MP) content, CYP450 content, liver weight and body weight for a wide
range of vertebrate species, in order to establish allometric relations
between MP content, CYP450 content and body weight. Based on this
data collection exercise, inter-species differences in MPPGL contents
across the vertebrate class are presented and discussed.

2. Materials and methods

Literature searches were conducted in Scopus and Google Scholar
until 1st of June 2022 to identify relevant peer-reviewed publications
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reporting microsomal protein content (mostly reported as MPPGL) and
cytochrome P450 content (mostly reported in nmol/mg microsomal
protein) in vertebrates (amphibians, birds, fish, mammals and reptiles)
as measured experimentally by the authors. In order to derive allometric
relationships between MP, CYP450 content and body weight, data
collection for body weights for the different species was also required.
Another parameter for which information was collected is liver weight,
which ideally, should have been measured and cited in the extracted
papers. When the liver weight was not provided, existing allometric
relationships were used to derive this value based on the reported body
weight (Crile and Quiring, 1940; Else et al., 2004; Lindstedt and
Schaeffer, 2002; Withers and Hillman, 2001). Table 1 summarises the
keywords applied in the respective literature searches. Data were
excluded when the animals were intentionally exposed to chemicals
because this may have led to an increase or reduction of the CYP450 and
MP contents. Since the MP content is reported as MPPGL, this value was
multiplied by the liver weight to derive the MP content. The database
was then split further in two datasets by random allocation if a species
was mentioned more than once: a first dataset to derive the allometric
relationship and a second dataset for evaluation purposes. Both datasets
as well as the associated individual references can be found in the
Supplementary Information (Table S1 and S2).

The first dataset provides data on recorded body weight, liver
weight, and MP or CYP450 content, which were then used to assess in
Microsoft Excel, the allometric relationships (Eq. 1) between body
weight and MP and body weight and CYP450 content:

y=axM" (@D)]

where y is the parameter of interest, in this case either MP (g) or CYP450
content (umol), a is the normalisation coefficient, M is body weight in
kg, and b is the scaling coefficient. Finally, the coefficient of determi-
nation (r?) of each regression line is provided and varies between 0 and
1.0 as a measure of the variance in y that is attributable to the variance
in M. If 2 equals to 1, the correlation is absolute whereas for a value of 0,
there is no correlation observed. In addition, the p-values were calcu-
lated. The second dataset was used as a training set to calculate the
prediction error, which was estimated as the ratio between observed and
predicted values. This training set contained data for a range of species
with a wide range of body weight values. To assess variability, a dataset
for a wide range of vertebrate species across a wide range of body
weights was included.

3. Results

The values for MPPGL levels in a wide range of vertebrate species, at
least available from two different experiments, are presented in Fig. 1 for
amphibians, mammals, birds and fish. All values are reported in the
supporting information (Table S1). Reptiles are not shown in Fig. 1 due
to the small sample size. MPPGL values for species that are mentioned
only once in the database are not provided, but can be extracted from the
database itself. A 2- to 4-fold variation in MPPGL was observed for most
of the included species. The only species where a larger differences in
MP content between 5 and 7-fold was observed, were Cortunix japonica,
Pseudopleuronectes americanus, S. gairdneri, Canis lupus familiaris,

Table 1
Individual keywords applied to the literature searches for the data collection of
microsomal protein content and cytochrome P450 content in vertebrate species.

Species fish, amphibians, reptiles, mammals, birds, wildlife, cattle, cow, bovine,

sheep, goat, horse, human, rat, mouse, rabbit, pig, swine, porcine, minipig,

guinea pig, hamster, cat, dog, monkey, deer, salmon, trout, carp, flounder,

scup, chicken, turkey, goose, quail, pigeon, duck, pheasant, owl, turtle,

snake, frog, toad

Other MPPGL, microsomal protein per gram liver, microsomal yield, microsomal
protein liver, cytochrome P450 content, CYP450 content
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Fig. 1. Variation of microsomal protein per gram liver in various species. Only species are presented for which more than 1 value is available. The full dataset,
including species for which only one value is available is presented in the Supporting information.

Oryctolagus cuniculus and Rattus norvegicus. Human studies for MPPGL
values included in this database also showed differences up to 5-fold.
The complete database is provided in the Supporting information
(Table S1). A total of 85 different species were included to depict the
allometric relationship between body weight, expressed as 1og10 M (kg)
and MP content, expressed as logl0 MP content (g), and is shown in
Fig. 2A. The r? is equal or above 0.75, which indicates satisfactory re-
lationships between body weight and MP content (Table 2). An excep-
tion applies to the small number of values for reptiles (n = 3) for which
only an r2 of 0.6 was observed. Due to this sample number the slope is
also not significant, in contrary to those for the other taxa (Table 2). For
amphibians, the MP content scales close to 3/4 of the body weight
(b=0.76, Table 2), while for mammals, birds and reptiles the MP content
scales sub-linearly (0.94 <b>0.97 Table 2). Conversely, fish scaling is
super-linear (b=1.4), meaning that the MP content increases with a near
1.5-fold increase in body weight. In addition, Fig. 2B depicts the

observed and predicted MP content using the obtained equations from
the first dataset. Values are within a 5-fold factor for 98 % of the
datapoints.

For CYP450 content, 74 different species were included to derive the
allometric relationship between body weight, expressed as 1og10 M (kg)
and CYP450 content, expressed as logl0 liver CYP450 content (pmol)
(Table S2). Fig. 3A shows the allometric relationships between body
weight and liver CYP450 content. In mammals, birds and reptiles, liver
CYP450 scales as a nearly linearly proportional to body weight
(0.91<b<0.97 Table 2). For fish, a similar slope as for the MP content is
observed, meaning that the liver CYP450 content increases with a near
1.5-fold increase in body weight. The same can be observed for am-
phibians. With the exception of fish and amphibian taxa, r? was higher
than 0.9. All derived slopes are significant, due to the low p-value
(<0.05) (Table 2). Fig. 3B depicts the observed values from the second
dataset and predicted liver CYP450 content using the obtained
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Fig. 2. A) Allometric scaling of liver microsomal protein for amphibians, bird, fish, mammalian, and reptile species. B) Measured liver microsomal protein content

versus predicted content using regression equations.

Table 2
Linear regression equations for MP content and cytochrome P450 liver content
for amphibians, mammals, birds, fish and reptiles.

N Intercepta  Slopeb r p-

value

Microsomal protein content

(6]
Fish 26 0.3885 1.4569 0.76 <0.05
Amphibians 5 0.1118 0.7615 0.77 <0.05
Reptiles 3 0.2193 0.9420 0.60 0.4
Birds 20  0.2974 0.9750 0.88 <0.05
Mammals 31 0.5210 0.9516 0.95 <0.05
Cytochrome P450 content

(umol)
Fish 20  0.1238 1.4495 0.58 <0.05
Amphibians 5 0.1927 1.6708 0.83 <0.05
Reptiles 4  0.0558 0.9332 0.99 <0.05
Birds 18 0.0721 0.9722 0.95 <0.05
Mammals 27 0.3483 0.9109 0.97 <0.05

regression equations from the first dataset. Values were within a 5-fold
factor for 94 % of the datapoints.

4. Discussion

This manuscript describes data collection for available MP and liver
CYP450 content for vertebrate taxa namely amphibians, birds, fish,
mammals and reptiles. In addition, an inter-species database providing
MPPGL and liver CYP content and its corresponding variability,
expressed as standard deviation is also presented. Subsequently, allo-
metric relationships were derived using a set of regression equations
which can be used to estimate MP and or liver CYP450 content since
such parameter values represent a critical scaling factor to extrapolate in
vitro metabolism rates to an in vivo clearance in vertebrate species.

Inter-species differences in MPPGL showed a maximum of 7-fold
variation for a few species, while most species showed only up to 2-
fold differences. For this manuscript, MPPGL content in humans was
collected from two studies for which body weight of the participants was
described and could subsequently be used for allometric scaling (Knaak
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Fig. 3. A) Allometric scaling of liver CYP450 content for amphibian, bird, fish, mammalian and reptile species. B) Measured liver CY P450 content in the liver versus

predicted content using regression equations.

et al., 1993; Lipscomb et al., 2003). However, a 19-fold variation in
human MPPGL content was reported, which resulted from MPPGL levels
in 128 samples, with a mean MPPGL content + SD of 39.5 + 21.6 mg
protein/g liver (Zhang et al., 2015). Since the human MPPGL samples
showed no particular characteristics, it was inferred that individuals
with extreme values of MPPGL may exist within human populations
(Zhang et al., 2015). Such large variation was not observed in this
dataset for other species, which might be due to the lower number of
available MPPGL sample values from the peer-reviewed literature. This
indicates that large variations cannot be ruled out for the other species.

The high scaling coefficient in fish may reflect age differences, which
was not observed in the other vertebrate orders. Liver MP and CYP450
contents in fish were obtained from very small and/or juvenile fish and
only two values were reported for fully grown fish. It is possible that the
CYP enzyme system is immature in those juvenile fish species which may
also impact on the MP content. The higher variation in liver CYP450
content for the different fish species might be also due to environmental
contamination, which could lead to CYP induction or inhibition. Both
reasons can have an impact on the liver MP and CYP450 content and on

the derived regression. This can be illustrated for humans in which liver
metabolic activity differences between neonates, children and adults are
well characterised (Anderson, 2002; Sadler et al., 2016). In this case,
allometric scaling accounts for the development of body size and func-
tion but not for the fact that liver xenobiotic-metabolising enzyme ac-
tivities are generally low at birth (Bjorkman, 2006). This reasoning may
also apply to fish, but this would not explain the high variation in liver
CYP450 content. Since data from intentionally exposed animals were
excluded from this study due to possible CYP450 induction or inhibition
can lead to higher or lower CYP and MPPGL contents, it cannot be
excluded that animals are unintentionally exposed in their environment,
causing variation in the CYP content. This may also play a role in the
large slope (b>1) of the CYP content in amphibians and the observed
variability.

Previously, scaling has been attributed to bio-physical constraints,
volumes, control organs and frequencies or biological times (Temerin,
1985). It has been reported that volumes or capacities scale linearly to
the body weight and the number of cells increases with an increase in
body weight, while the number of (cellular) functions controlled does
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not (Lindstedt and Schaeffer, 2002). A relevant example includes
ATPase, which displays a scaling coefficient close to 0.75, while the
mammals citrate synthase scales with the slope value (b) equal to
approximately 0.9 (Darveau et al., 2002). Furthermore, studies confirm
differential scaling of various organs and their mitochondrial membrane
content, both of which undoubtedly contribute to the scaling of the
metabolic rate (Hulbert and Else, 2000). Liver weight in mammals scales
with 0.87 power of the body weight and total liver protein in mammals
was reported to scale with 0.84, while the slopes for MP and CYP450
content for mammals in this study range from 0.91 to 0.95 (Lindstedt
and Schaeffer, 2002; Munro, 1969; Prothero, 1982). Liver weight in fish
scales with 0.887-1.03, while the slopes in this study for MP and
CYP450 content scale with both around 1.45 (Crile and Quiring, 1940;
Fitzsimmons et al., 2018). Also in other vertebrates the slopes for liver
weight with body weight were lower than those reported for MP and
CYP450 content in this study (Else et al., 2004; Withers and Hillman,
2001). So, MP and CYP450 contents tend to increase more with body
weight than liver weight. Cytochrome c was reported to scale with 0.84
or 0.70 power of the body weight (Adolph, 1949; Munro, 1969). Hence,
it is not surprising that the liver MP and CYP contents do not fit the
three-quarters power of body weight patterns observed for many other
allometric relationships. For liver CYP content and activities, variations
is an intrinsic factor which may impact substantially scaling coefficients.
In addition, variability in the expression of specific CYP isoforms may
also lead to either higher or lower protein contents and this may be
impacted by extrinsic factors such as chemical exposure.

Here, a database and reference values for liver MP and CYP450
content as well as respective allometric relationships with body weight
for a range of vertebrate species was presented. These values provide
data-driven values when direct measurements are impractical or not
available from the peer-reviewed literature. In addition, these liver MP
and CYP450 datasets have great potential applications. Future work
includes applications of such reference values to predict in vitro to in vivo
clearances for different vertebrate taxa using quantitative in vitro to in
vivo extrapolation models coupled to PBK models using chemicals of
relevance as case studies including pesticides, contaminants and feed
additives.
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