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Comparing distress of mouse
models for liver damage
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In order to foster animal welfare as well as high quality of research, many countries regulate by

law that the severity of animal experiments must be evaluated and considered when performing
biomedical research. It is well accepted that multiple parameters rather than a single readout
parameter should be applied to describe animal distress or suffering. However, since the performance
of readout parameters for animal distress is rarely defined and methods for multivariate analysis have
only in rare cases been used, it is not known which methodology is most appropriate to define animal
distress. This study used receiver operating characteristic curve analysis to quantify the performance
of burrowing activity, body weight change and a distress score of mice after induction of liver damage
by bile duct ligation or carbon tetrachloride. In addition, Support Vector Machine classification was
used to compare the distress of these mouse models. This approach demonstrated that bile duct
ligation causes much more distress than carbon tetrachloride-induced liver damage. This study,
therefore, provides a prototype how to compare two animal models by considering several readout
parameters. In the future these or similar methods for multivariate analysis will be necessary, when
assessing and comparing the severity of animal models.

Public discussions on animal welfare have caused the implementation of laws and guidelines to regulate experi-
ments on animals in most countries"* This made animal welfare a top priority when conducting and publishing
in vivo studies®=®. Thus, when pursuing animal experiments, scientists have to balance two goals: animal welfare
and the potential benefit of research. While this objective is self-evident and coherent, a detailed concept what
needs to be done to balance both goals is more difficult to define. In many countries a prospective and often
also actual severity assessment of animal experiments are legally required®. This should provide the basis for an
ethical evaluation and the conclusion, if an animal experiment is justified and, therefore, should be allowed to
be conducted.

Thus, an evidence-based analysis of animal distress is often legally required and is also essential for a realistic
harm/benefit analysis, a sensible selection of an animal model and the development of refinement strategies.
Scientists have primarily used non-invasive methods to assess animal distress. For example, many distress scores
based on appearance, behaviour and physical parameters of rodents have been developed’=. In addition, natural
behaviour of animals such as burrowing activity has been explored to assess distress'®'2. One of the most popular
parameters to evaluate suffering from animals is body weight which has the distinct advantage that it can be
easily and objectively measured”!*-1°.

While many distinct readout parameters for measuring distress are available, very little is known about how
these methods can be compared. The performance of a method or a diagnostic test is usually evaluated by receiver
operating characteristic (ROC) curve analysis. The area under the curve (AUC) quantifies this performance and
indicates how accurately a test discriminates between two states, typically referred to as diseased and non-dis-
eased state'®. However, it is well accepted that multiple parameters rather than a single readout parameter should
be applied to describe and compare animal distress”!”!%. Many studies indeed evaluate several readout parameters
for distress, but do not combine these parameters by a statistical procedure to reach a holistic conclusion*!*-22,
To facilitate such an integrated conclusion, a multivariate analysis, which combines different readout parameters
when analysing animal distress, is necessary. Such analyses are often performed in clinical situations in form of a
binary logistic regression in order to test whether a combination of biomarkers has higher discriminatory power
to differentiate between diseased and non-diseased states than single biomarkers®**. Another option to analyse
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Figure 1. Scheme describing how the experiments for the bile duct ligation (BDL) animal model were
performed. Surgery was done on day 0 and the distress parameters were evaluated during pre, acute, early,
middle and late phase on the indicated days. Therapies with MCC950 or vehicle solution were performed by
daily subcutaneous injection from day —1 to day 13.

more than one readout parameter simultaneously is clustering, followed by Support Vector Machine (SVM) clas-
sification. For example, clustering was used to differentiate between subgroups of patients with irritable bowel
syndrome® or to compare distinct distress levels of mice during colitis'®.

Thus, it was one aim of this study to evaluate, if ROC curve analysis and binary logistic regression be used to
describe the performance of single or multiple readout parameters for defining distress in animals. Moreover, it
was the aim to assess whether SVM classification can be used to compare the severity of two animal models. We
compared distress caused by bile duct ligation (BDL) to distress caused by carbon tetrachloride (CCl,). These
two animal models are widely used for studying liver damage and fibrosis?—°.

Results

Characterisation of parameters measuring distress after BDL. Mice were evaluated before and
after BDL during the early, middle and late phases of cholestasis by assessing a distress score, burrowing activity
and body weight (Fig. 1). First of all, we aspired to evaluate the suitability of these parameters to measure distress
of mice. We hypothesized that parameters, which are suitable to measure distress should be able to differentiate
between healthy and diseased mice as well as between mice which survived and non-survivors.

Thus, we first analysed mice, which survived until day 14 (survivors), in order to explore, if these read out
parameters could differentiate between healthy and diseased mice. While the distress score increased continu-
ously after BDL, the burrowing activity and body weight of mice rather decreased after this intervention (sup-
plementary Fig. S1). No significant change in any of these parameters was observed when treating the mice with
the NLRP3 inflammasome inhibitor MCC950 (supplementary Fig. S1), although previous studies suggested that
this inhibitor can have analgesic function®. Thus, all BDL cohort mice were pooled and distress before BDL (pre)
was compared to distress after BDL (post). We observed that BDL led to a significant increase of the distress
score (Fig. 2a). It caused a significant decrease of burrowing activity (Fig. 2b) and a reduction of body weight
(Fig. 2c). This suggests that distress score, burrowing activity and change in body weight are sensitive parameters
that can differentiate between distress before (level 0) and after BDL (level 1). To evaluate the performance of
these parameters in distinguishing between these two distress levels, we used ROC curves. We observed that
all parameters, distress score, burrowing activity and body weight, can discriminate between these two distress
levels (Fig. 2d). Combining multiple distress parameters with binary logistic regression revealed that the com-
bination of distress score plus burrowing activity, distress score plus body weight and the combination of all
three parameters produced a very high AUC indicating a very good performance in defining distress (Fig. 2e-g).

We also evaluated, if distress parameters could differentiate between different magnitudes of cholestasis.
ALP activity has been demonstrated to increase with the progression of cholestasis*>. Therefore, we evaluated
ALP activity of mice after 2, 5 or 14 days of cholestasis and used k-means clustering to discretize the data into
two categories: Low ALP and high ALP. Surprisingly, we observed that neither the distress score nor the bur-
rowing activity could differentiate between low ALP and high ALP animals (supplementary Fig. S2). However,
body weight change could differentiate well (AUC=0.79) between these two clusters (supplementary Fig. S2).
In order to analyse, if other parameters measuring distress would improve the differentiation between low ALP
and high ALP animals, we determined the corticosterone concentration in the blood plasma (supplementary
Fig. S2). Indeed, the corticosterone concentration in the blood plasma of animals could also differentiate well
(AUC=0.72) between low and high ALP animals (supplementary Fig. S2). However, when combining body
weight change and corticosterone concentration in a logistic regression the discriminatory power of the combi-
nation was not higher than the discriminatory power of only the body weight change (supplementary Fig. S2).
Thus, for differentiating between low and high ALP animals analysing body weight change is sufficient. Possibly,
a combination with yet unknown additional distress parameters might be needed to predict the magnitude of
cholestasis with an even higher discriminatory power.

We then explored, if mice which did not survive until day 14 (non-survivors) reached a different distress
level before death when compared to mice that survived after BDL. We observed that the distress score of
non-survivors measured before death is significantly higher than the distress score of survivors (Fig. 3a). The
burrowing activity (Fig. 3b) and body weight (Fig. 3¢) of non-survivors were significantly lower than those
of surviving mice. These data suggest that non-survivors experience increased distress before death (level 2)
when compared to surviving mice (level 1). In order to evaluate the performance of the readout parameters in

Scientific Reports |

(2020) 10:19814 | https://doi.org/10.1038/s41598-020-76391-w nature research



www.nature.com/scientificreports/

a b C
25 50 10 -
* * *
| — = | —
20 + S 5 |
e T L
o 15 4 = - 0 -
3 o =
i 2
® 10 - 2 -50 2 51
) .
5 S > il
8 s 2 T 3 10
° 1 = -10 4
: Q
] Z100
04— -15 -
5 : -150 T -20 T .
pre  post pre  post pre  post
d e f
1.0 > 1.0
8 .8
& z &
z £ ® z 6
3 S 4 g 4
2 I —o—— DS, AUC=0.98 2 [ —o— DS +B,AUC=1.00 2
- —-—=— B,AUC=0.80 | ——— DS+BW,AUC=1.00
o BW,AUC=0.91 ! o B +BW,AUC=0.90 —— DS +B +BW, AUC =1.00
0.0 & . - - - 0.0 ; - - 0.0 - .
00 .2 4 6 8 1.0 0.0 4 .6 8 1.0 00 2 4 6 8 1.0
1 - Specificity 1 - Specificity 1 - Specificity
Variables AUC 95 % Cl Asymptotic  Number of
P-value data points
. pre =16
Distress score 0.979 0.951-1.000 < 0.0001
post =48
Single Burrowing activity (%)  0.800  0.676-0.925 0.0004 pre = 16
post =48
Body weight (%) 0.907  0.834-0.980 <0000t  Pre=16
) ) ) ) post = 48
Distress score + pre =16
Burrowing activity (%) 1.000 1.000- 1.000 < 0.0001 post = 48
Distress score + pre =16
Double Body weight (%) 1.000 1.000- 1.000 < 0.0001 post = 48
Burrowing activity (%) pre =16
+ Body weight (%) 0.900 0.827-0.974 < 0.0001 post = 48
Distress score + re =16
Triple Burrowing activity (%) 1.000 1.000 - 1.000 < 0.0001 Sost =48

+ Body weight (%)

Figure 2. Distress before and after BDL. The distress score (a) was increased (Mann-Whitney rank sum test,
P<0.001), burrowing activity (b) was decreased (Mann-Whitney rank sum test, P<0.001) and body weight (c)
was also decreased (Mann-Whitney rank sum test, P<0.001), when comparing data taken before BDL (pre)

to data taken after BDL (post). ROC curve analysis that computed the area under the curve (AUC) for single
(d), two (e) or all three (f) distress parameters. The performance of single and multiple parameters is described
by presenting the AUC, the 95% confidence interval (CI) and the asymptotic P-value (g). Data of 16 mice, pre:
n=16 data points, post: n=48 data points.

distinguishing between these two distress levels, we used ROC curves. All single readout parameters such as
distress score, burrowing activity and change in body weight had discriminatory power to differentiate between
survivors and non-survivors (Fig. 3d). After combining multiple distress parameters with binary logistic regres-
sion, we observed that combination of two or three parameters also had a high discriminatory power (Fig. 3e,f).
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Figure 3. Distress of survivors and non-survivors after BDL. The distress score (a) was increased (Mann-
Whitney rank sum test, P<0.001), whereas burrowing activity (b) was decreased (Mann-Whitney rank

sum test, P<0.001) and body weight (c) was also reduced (Mann-Whitney rank sum test, P=0.031), when
comparing data of survivors (sur.) to data of non-survivors (non-sur.). ROC curve analysis shows the area
under the curve (AUC) for single (d), two (e) or all three (f) distress parameters. The performance of single and
multiple parameters is described by presenting the AUC, the 95% confidence interval (CI) and the asymptotic
P-value (g). Survivors: 16 mice, 48 data points; non-survivors: 10 mice, 10 data points.

The combination of all three parameters (distress score plus burrowing activity plus body weight) produced the
largest AUC, suggesting that the combination of all readout parameters allows the best differentiation between

survivors and non-survivors (Fig. 3g). These data, therefore, suggest that the distress score, burrowing activity
and body weight are suitable parameters to describe distinct distress levels.

Scientific Reports|  (2020) 10:19814 | https://doi.org/10.1038/s41598-020-76391-w natureresearch



www.nature.com/scientificreports/

a b
v - ml EEE ']
o g
5 3
o " . @
() | Hm g )
S -l o
B __ °
s T o
o - [ |
n v O
’ o
600 ) / \ »‘Q @\
s o / \ Q)Q gtbo
G,' S Q'
9% NPCF N
i’ SN
4 %j NS &,‘o \J
AY)
p M a e @ m level 0 M level 1
Cc
body weight (%) + burrowing activity (%) + distress score
not optimized not optimized optimized optimized
training data test data training data test data
accuracy 1 1 1 0.85
sensitivity 1 1 1 1
specificity 1 1 1 0.80

Figure 4. Generation of a training model by SVM. Single data points (squares), which were derived from the
training data set from identical animal previous (p) to BDL and at the acute (a), early (e), and middle (m) phase
of cholestasis are presented in form of a three dimensional scatter plot (a). A discriminatory model was built by
training a linear SVM kernel to the labelled data in order to differentiate between two levels (level 0 and level

1) of distress (b): The resulting classifier (hyperplane) discriminates between these two levels. The accuracy,
sensitivity and specificity of the training model was characterised using either the training data themselves or a
test data set and applying the hyperplane (not optimized) or an optimized hyperplane after a 5-times repeated

tenfold cross validation (c). Training data set: n=11 data points (pre), post: n=33 data points (post); test data
set: n=5 data points (pre), post: n=15 data points (post).

Considering multiple parameters when differentiating between two distress levels. Next, we
evaluated whether all three parameters can be used together to discriminate between the distress of healthy (pre-
intervention) against the distress of diseased animals (post-intervention). We used machine learning to address
this question: more specifically, we used a Support Vector Machine (SVM) to classify samples. Class-labels were
obtained by labelling pre- against post-intervention data. For subsequent classification, we first split the data
randomly into a training (containing 70% of data) and a test data set (containing 30% of data). The model was
then built using the training data (Fig. 4a). Within the SVM, a linear kernel function was used to find the classi-
fier. This tuned and optimized discriminator was visualized in the plots as a hyperplane, separating two putative
levels of distress, which were defined as distress level 0 or distress level 1 (Fig. 4b).

For internal model optimization, and to address potential sampling bias we used hyper-parameter tuning and
fivefold repeated tenfold cross-validation. The mean accuracies, sensitivities and specificities from this process
were reported for the model (Fig. 4c shows results for both, the optimized and non-optimized model). The model
itself was validated using the excluded (and labelled) test data (Fig. 4c). We observed high accuracy, sensitivity,
and specificity for training as well as test data (Fig. 4c). This suggests that the combination of all three parameters
(distress score, burrowing activity, bodyweight) exhibits a high diagnostic ability for the differentiation between
distress level 0 and distress level 1. The rigorous model design and cross-validation process further ensured that
these results are not based on potential sampling bias. Also, the optimized model shows lower accuracies for the

external test data (accuracy optimized model: 0.80; accuracy not optimized model: 1). This was expected as the
not-optimized models tend to overfit the data.

Comparing distress of the BDL to the CCl, animal model. Next we pursued the question if and how
we can compare the distress between two animal models. In order to compare the BDL model to another animal
model widely used for studying liver damage and fibrosis, mice were repetitively injected with CCl, (Fig. 5a).
These mice were also either treated with MCC950 or a vehicle control and the distress of these animals was
analysed before any intervention and during the early, middle and late phases of disease progression by assessing
the distress score, burrowing activity and body weight (Fig. 5a). Again, no significant change in distress score,
burrowing activity and body weight was observed when treating the mice with MCC950 or a vehicle control
(data not shown). Thus, all CCl, cohort mice were pooled and post-CCl, and post-BDL data were then compared
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Figure 5. Distress of mice after CCl, injections and after bile duct ligation. Scheme describing how the
experiments for the CCl, animal model were performed (a): CCl, was injected sc on the indicated days, the
distress parameters were evaluated during pre, acute, early, middle and late phase and a therapy with MCC950
or vehicle solution was performed as daily subcutaneous injections from day 28 to 39. The distress score (b) was
decreased (Mann-Whitney rank sum test, P<0.001), whereas burrowing activity (c) was increased (Mann-
Whitney rank sum test, P<0.001) and body weight loss (d) was decreased (Students t test, P<0.001) when
comparing post-BDL to post-CCl, animals. BDL: 16 mice =48 data points; CCl,: 10 mice =30 data points.

(Fig. 5b-d). We observed that CCl,-treated mice had a significantly decreased distress score (Fig. 5b), increased
burrowing activity (Fig. 5¢) and significantly less body weight reduction (Fig. 5d), when compared to BDL mice.
Thus, all three read out parameters indicate that CCl, causes less distress than BDL.

We then compared these two animal models by using the optimized training model based on 70% of the BDL
data. We then classified the post-CCl, data according to this training model (see blue crosses in Fig. 6a). In addi-
tion, we classified the post-BDL data of the test data set (see blue crosses in Fig. 6b). Only 2 out of 30 post-CCl,
data points were assigned to distress level 1, whereas 12 out of 15 post-BDL data points were correctly assigned
to distress level 1 (Fig. 6¢). Using Fisher’s exact test, a significant difference in the distress levels distribution
between BDL and the CCl, cohort was observed (P <0.001). This multivariate analysis suggests that at most time
points CCl,-treated animals experience less distress than animals after BDL.

In order to compare liver damage in both animal models, we assessed the activity of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT) and glutamate dehydrogenase (GLDH) in blood plasma. AST and
ALT activity was significantly increased in cholestatic as well as CCl,-treated mice, when compared to heathy
control animals (supplementary Figure S3). GLDH was significantly increased in cholestatic animals when
compared to healthy or CCl,-treated mice (supplementary Figure S3). In addition, we also evaluated oxidative
stress by measuring malondialdehyde in liver tissue. Malondialdehyde was significantly increased after repeti-
tive CCl,-treatment when compared to cholestatic or healthy mice (supplementary Figure S3). These results
demonstrate that the liver is damaged after cholestasis and toxic liver injury, but that specific pathophysiological
features such as the induction of oxidative stress differs between these two animal models.

Discussion

There is an urgent need to evaluate the feasibility of methods to compare distress caused by different animal
models®. The present study compared BDL to CCl,-induced liver damage and evaluated animal distress based
on three distinct readout parameters. The multivariate analysis using SVM clearly demonstrated that BDL caused
more distress than the treatment with CCl,.
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Figure 6. Comparing distress caused by CCl, injections or bile duct ligation using SVM classification. In both
plots green and red squares indicate distress level 0 or distress level 1 of the BDL training data set and crosses
denote data classified as distress level 0, whereas circled crosses denote data classified as distress level 1. Blue
crosses denote post-CCl, (a) and post-BDL (b) distress. A 2 x 2 contingency table compares the distributions of
predicted distress levels of post-CCl, to the post-BDL test data set (c). A significantly different distribution of
distress levels between these data sets has been determined by Fisher’s Exact Test, *P <0.001), CCl,: n=30 data
points; BDL: n=15 data points.

No direct multivariate comparison of distress between BDL and CCl,-induced liver damage has been pub-
lished to our knowledge. However, publications describe an average body weight loss of 15-20%, 18%, or 20-30%
after BDL**7% or a transient body weight loss of approximately 8% or 10% during repetitive CCl, injection®”.
This supports our conclusion that BDL causes more distress than CCl,. However, the BDL animal model will
still be needed for the following reasons. Distinct animal models are necessary to address the central principle
of science that robust research needs many independent lines of evidence®. Indeed, BDL and CCl,-induced liver
damage are often used in one study to prove a scientific conclusion in two independent animal models***'. In
addition, there are also some differences between these two animal models. BDL causes an increase in biliary
pressure, inflammation and cytokine secretion resulting in proliferation of biliary epithelial cells and portal
fibrosis*2. BDL therefore mimics cholestatic injury, which is, for example, observed during autoimmune diseases
(primary biliary cirrhosis and primary sclerosing cirrhosis) and obstructive conditions such as cholelithiasis and
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tumour compression of bile ducts*. In contrast, metabolites of CCl,, such as trichloromethyl radicals, induce
oxidative stress, centrilobular liver necrosis, an inflammatory response and liver fibrosis*>**. In many aspects, it
mimics liver damage in humans by different toxins*. These distinct pathophysiological features and mechanisms
of animal models will remain to be of utterly importance, when deciding which animal model will be used for
addressing a specific scientific hypothesis. However, at least for the BDL animal model, the use of analgesics
should be essential®. It is especially necessary to mention this point, if one considers that only 3.4% of studies,
which describe experiments using BDL in mice, specified the administration of a systemic analgesic*. This is
surprising, considering that it was already demonstrated decades ago that animals experience post-operative
pain after BDL*. However, analgesia can also interfere with disease mechanisms and can actually be harmful to
animals when applied in high doses*”*.

The most important prerequisite for being able to judge animal distress are methods with high discrimina-
tory power to differentiate between distinct distress levels. This study used ROC curve analysis to evaluate the
discriminatory power of readout parameters. This tool has been widely used to define the diagnostic ability of
methods in a clinical situation. For example, ROC curve analysis helped to define which biomarker in the blood
has the best discriminatory power to predict pancreatic cancer® or which biochemical marker is suitable to pre-
dict increased risk of stillbirth in women with intrahepatic cholestasis of pregnancy®. In our study ROC curve
analysis judged the suitability of readout parameters to differentiate between healthy mice and diseased mice
or between diseased mice, which survive, and diseased mice, which will succumb to their disease. All readout
parameters: distress score, burrowing activity and body weight change had discriminatory power to differenti-
ate between animals before and after induction of cholestasis (Fig. 2d). However, burrowing activity was the
parameter with the lowest performance (performance of parameters: distress score > body weight change > bur-
rowing activity). When differentiating between survivors and non-survivors all readout parameters had again
a high discriminatory power (Fig. 3d), but body weight change was the parameter with the lowest performance
(performance of parameters: burrowing activity > distress score > body weight change). In addition to assessing
the discriminatory power, one can determine the optimal cut-oft of a diagnostic method by Youden’s index and
calculate the positive predictive value (PPV)*. We, therefore, also calculated the PPV using the combination of
all three parameters. An optimal cut-oft calculated by Youden’s index lead to 5 false positive and 10 true posi-
tive predictions, resulting in a PPV of 67%. Thus, it is not practical to use this method for deciding, if animals
should be euthanized, because one would kill too many animals, which would otherwise survive. However, the
combination of all three parameters is useful in describing distinct distress levels and can be used to compare 2
different animal models. These experiments also demonstrate that not a single readout parameter can be used
as the gold standard for all situations.

This need for considering multiple parameters to assess animal welfare was often postulated”!”'®. However,
in many studies several parameters are evaluated, but these parameters are often not combined by a statistical
procedure to reach a holistic conclusion'>!*-?2, Only very few studies exist, which use biostatistical methods to
combine distinct readout parameters for defining animal distress. For example, Peng et al. have used composite
z scores to compare the results of several behavioural tests between control mice and mice after surgery®’. Higer
et al. have used k-means clustering to compare distinct distress levels during colitis'®. Méller et al. have used
principal component analysis to describe many behavioural and biochemical variables supporting the conclusion
that there is no major difference in distress between rats after electrode implantation and rats after electrode
implantation plus kindling of epilepsy”'. In our study we plotted three parameters and defined distress levels by
SVM classification. This method had a high specificity, sensitivity and accuracy when validated with test data
(Fig. 4c). However, we also want to emphasize that ROC curve analysis indicated that single read out param-
eters or two read out parameters, which were combined by multiple logistic regression, have also a very high
discriminatory power to differentiate between distress levels in the BDL animal model (Fig. 2g). This indicates
that less than three readout parameters might suffice to define the distress of animals and to compare animal
models. However, we propose that substantiating a conclusion by considering several readout parameter is better
to than relying on only one single parameter. Such a multivariate conclusion reduces arbitrariness when choosing
a readout parameter and therefore diminishes bias when comparing animal models.

Although this publication suggests that SVMs can be used to compare the distress of two animal models, it
is premature to claim that this method will allow us to determine the severity of all animal models in a scientific
and rational manner. First, distinct research facilities will have to test if this or similar methods can be applied
to many different animal models to compare distress between distinct models. Second, accessible tools to assess
and compare distress have to be provided for the scientific community. Talbot and colleagues have started to
explore such a tool, and recommend the use of a Relative Severity Assessment (RELSA) score for comparing
animal models®. It will be important for the research community to make such tools accessible online. Third,
the scientific community will have to provide a network of comparing distress between the most essential ani-
mal models. Only if this network allows an arrangement of animal models according to their distress level, one
could start grading evidence-based severity into categories (e.g. mild, moderate or severe) as demanded by the
legislation of many countries.

Methods

Animals. This study was conducted in accordance with the European directive 2010/63/EU and national
law. All experiments were approved by the local ethics committee of the public authority (Landesamt fiir Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern, 7221.3-1-002/17). Because female
mice were used to expand the mouse strain, surplus male BALB/cANCrl mice were used for this study. Please
note that the focus on male mice might be a limitation of this study. A few mice of this mouse strain were
purchased from Charles River (Wilmington, MA USA) and bred in the central animal facility of the Rostock
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University Medical Center (the health of the animal stock is routinely checked according to FELASA guide-
lines). Before the experiment the mice had more than 2 days for acclimatization. Animals were allocated in a
non-random manner matching the age of both treatment groups and the experimenters were not blinded when
injecting drugs. Distress was evaluated by two people (GT, NS), and in case of difficulties, in addition by another
person (DZ). The required number of animals was calculated before starting the experiments by sample size
calculation (alpha=0.05, power =0.8). Mice were group housed during breeding and the first few days before the
actual experiments. Afterwards they were single housed in Eurostandard Type III clear plastic cages with wire
lid, light/dark cycle of 12 h/12 h (dawn: 6:30-7:00 am) at a temperature of 21 +2 °C, with a relative humidity of
60£20%. Autoclaved bedding (Bedding Espe Max 3-5 mm granulate, H 0234-500, Abedd, Vienna, Austria),
shredded tissue paper (PZN03058052, FSMED Verbandmittel GmbH, Frankenberg, Deutschland), one paper
tunnel (75x38 mm, H 0528-151, ssniff) and a wooden enrichment tool (Espe size S, 40 x 16 x 10 mm), H0234.
NSG, Abedd). Food (pellets, V1534.000, 10 mm, ssniff) and tap water ad libitum were provided. Mice were
euthanized by quickly anaesthetizing them with 5 vol % isoflurane and killing them with cervical dislocation.

Induction of liver damage. For inducing cholestasis by BDL on day 0, mice were quickly anaesthetized by
5 vol % isoflurane (CP-pharma, Burgdorf, Germany) and placed on a heating plate (37 °C). Then the laparotomy
was performed under anesthesia (1.2-2.5 vol % isoflurane). As described in a previous study®®, the common
bile duct was ligated by three surgical knots and was then transected between the two distal ligations. After
closing the abdominal cavity, each mouse was allowed to recover from anesthesia in a single cage in front of a
red warming lamp. The surgical procedure took 25-40 min. To relieve pain, 5 mg/kg carprofen (Pfizer GmbH,
Berlin, Germany) was injected (sc) before operation and 0.25 ml metamizol (500 mg/ml, Ratiopharm GmbH,
Ulm, Germany) was added to the drinking water (100 ml, drinking water was changed daily) until euthanasia of
the mice. Supportive care was given after BDL by offering soaked food to all animals until euthanasia. In order to
evaluate, if the NLRP3 inflammasome inhibitor MCC950 (Sigma Aldrich, St. Louis, USA, code PZ0280) could
impair distress, 20 mg/kg MCC950 or aqua dest. ad inj. (Sham) was ip injected daily from day 1 before BDL to
day 13 after BDL. For inducing liver damage by CCl, (Merck Millipore, Eschborn, Germany, code 1.02209.1000),
this substance was diluted fourfold with corn oil (Sigma-Aldrich, code C8267). Per g body weight 1 pl of this
solution (dose of CCl,: 0.25 ml/kg body weight) was injected (ip) between 14:40-15:00 into the mice twice per
week until day 42 (on day 0, 4, 7, 11, 14, 18, 21, 25, 28, 32, 35, 39). To relieve pain, 0.25 ml metamizol (500 mg/
mL, Ratiopharm GmbH, Ulm, Germany) was added to the drinking water (100 ml) until euthanasia of the
mice. 20 mg/kg MCC950 or aqua dest. ad inj. (Sham) was injected (ip) daily from day 28 to day 41 after first
CCl, injection. The sixteen BDL mice (survivors) were at the beginning of the experiment 10.29/8.07-18.61
(median/interquartile range) weeks old and had 27.11/21.80-29.68 (median/interquartile range) g body weight,
whereas ten BDL mice (non-survivors) were at the beginning of the experiment 9.79/8.36-12.20 weeks old
and had 24.90/23.83-26.23 g body weight. The ten CCl,-treated mice were at the beginning of the experiment
7.86/7.86-8.14 weeks old and had 24.52/22.99-24.97 g body weight.

Evaluation of animal distress. Burrowing. To evaluate burrowing activity of mice, a tube (length:
15 cm, diameter: 6.5 cm) filled with 200 g of food pellets was placed into the cage 2-3 h before the dark phase*.
The remaining pellets in the burrowing tube were weighed after 17+2 h and the weight of the burrowed pellets
was calculated. Burrowing activity was measured before the first intervention (pre) and during the acute (day 0),
early (BDL: day 1, CCl,: day 4), middle (BDL: day 4, CCl,: day 18) and late (BDL: day 13, CCl,: day 39) phase of
liver damage. The burrowing tube was always placed into the cage 1+ 0.5 h after CCl, injection. Changes in bur-
rowing activity were calculated by using the weight of burrowed pellets on day 7 before BDL and on day 8 before
CCly injection as a reference for the respective cohort.

Distress score. The wellbeing of mice was assessed by evaluating multiple parameters with the help of a distress
score®. When the total score was higher than 15, the affected mouse was euthanized in order to avoid further
deterioration of health. Distress was assessed before the first intervention (pre) and during the acute (day 0),
early (BDL: day 1, CCl,: day 4), middle (BDL: day 4, CCl,: day 18) and late (BDL: day 13, CCl,: day 39) phase of
liver damage. The distress was always evaluated 30 + 5 min after CCl, injection.

Body weight.  The body weight of mice was assessed before the first intervention (pre) and during the acute (day
1), early (BDL: day 2, CCl;: day 5), middle (BDL: day 5, CCl,: day 19) and late (BDL: day 14, CCl,: day 40) phase
of liver damage. Thus, in all experiments the body weight was determined 1 day after measuring distress by a
score sheet or by burrowing activity. This allows enough time for a body weight adjustment to a specific distress
level (e.g. after injection of CCl,).

Blood plasma and tissue analysis. AST, ALT, GLDH and ALP activity were spectrophotometrically assessed
in blood plasma using the Cobas c111 analyser (Roche GmbH, Mannheim, Germany). For determining the
corticosterone concentration in blood plasma the mouse and rat ELISA-Kit (DEV9922, Demeditec Diagnostics
GmbH, Erfurt, Germany) was used according to the instructions of the manufacturer. Oxidative stress was
evaluated by measuring the total malondialdehyde concentration after hydrolysing liver tissue at pH 1-2 and
using the BIOXYTEC MDA-586 kit from OxisResearch (OXIS Health Products Inc. Portland, OR, USA).

Data presentation and statistical analysis. In line graphs data are presented as mean value * standard deviation,
whereas box plots indicate median interquartile range as well as 90% percentile and 10% percentile in form of
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whiskers. The characteristics of data were assessed by Shapiro-Wilk normality test and by Levene median equal
variance test. Student’s t-test (based on normal distribution and equal variance of data) or the Mann-Whitney
Rank Sum test were used to determine the significance of differences. When comparing two groups, differences
with P <0.05 were considered to be significant. When comparing treatment groups at several time points, dif-
ferences were only considered to be significant, when the P-value was lower than 0.05 divided by the number of
meaningful comparisons (Bonferroni correction for multiple comparisons). These evaluations were done using
SigmaPlot 12.0 (SYSTAT Software Inc., San Jose, USA; https://systatsoftware.com/products/sigmaplot/). For box
plots, ROC curves, logistic regressions and Support Vector Machine classification, data of the pre- and post-
intervention phase (all data from the acute, early and middle phase) were used to differentiate between healthy
and diseased animals. For differentiating between post-BDL survivors and non-survivors, all data of surviving
mice of the acute, early and middle phase after BDL were compared to data measured 0-2 days before death or
euthanasia of non-survivors.

ROC curve analysis (using SigmaPlot 12.0, SYSTAT Software Inc.) determined the area under the curve
(AUC) with the respecting 95% confidence intervals (CI) as a measurement for the performance of the readout
parameters™. In addition, this analysis gives the asymptotic P-value that determines if the AUC is significantly
different from AUC=0.5. To analyse the efficacy of the combination of two or three parameters, the data sets were
combined by binary logistic regression using SigmaPlot 12.0 and the ROC curves were calculated afterwards.

In order to analyse distress considering all three readout parameters simultaneously, a Support Vector
Machine was built on a 64-bit computer with 32 GB RAM using the R software® with the following packages:
caret®® and €1071%. Prior to model building, samples were class-labelled using the experimental time phases
(pre- vs. post-intervention). Categories were labelled as level 0 (pre) and 1 (post) and used in the classification
process. Samples were randomized into 70% training and 30% test data prior to model building. A linear kernel
function (u’-v) was then used to construct the SVM-classifier with the training data. Data were scaled for the
building process. The non-optimised fit was then tuned for the hyper-parameter cost function to optimise the
SVM margin width for the classifier. In parallel, the tuning process was stratified using fivefold repeated tenfold
cross-validation. The mean from all internal validation runs was then used to construct the optimised classifier.
Model performance was reported in two stages: (a) re-classification (prediction) of the training data against the
model (non-generalizable internal performance check) and (b) classification of the external test data (valida-
tion). In each case, data from a confusion matrix (accuracy, sensitivity, specificity) was reported for both, the
optimised and the non-optimised model. The resulting values reflect model stability and also compensate for
low sample sizes via repeated cross-validation. The externalised test data further assess the generalisability of
the model. Finally, the hyperplane was constructed by coefficient extraction and grid extension of the optimised
SVM model. When comparing CCl, cohorts to BDL, the optimized model was used to predict severity classes for
post-intervention BDL data from the externalized test set as well as post-intervention CCl, data. The predictions
were plotted in a scatterplot and class differences analyzed by Fisher’s Exact Test.

Data availability
The authors declare that all data supporting the findings of this study are available within the paper and its sup-
plementary information file.
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