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MicroRNAs as systemic biomarkers
to assess distress in animal models
for gastrointestinal diseases

Simone Kumstel>**“, Heike Janssen-Peters?“, Ahmed Abdelrahman?, Guanglin Tang?,
Ke Xiao?, Nicole Ernst?, Edgar Heinz Uwe Wendt!, Rupert Palme?, Nico Seume?,
Brigitte Vollmar!, Thomas Thum?* & Dietmar Zechner*

Severity assessment of animal experiments is mainly conducted by using subjective parameters.

A widely applicable biomarker to assess animal distress could contribute to an objective severity
assessment in different animal models. Here, the distress of three murine animal models for
gastrointestinal diseases was assessed by multiple behavioral and physiological parameters. To
identify possible new biomarkers for distress 750 highly conserved microRNAs were measured in the
blood plasma of mice before and after the induction of pancreatitis. Deregulated miRNA candidates
were identified and further quantified in additional animal models for pancreatic cancer and
cholestasis. MiR-375 and miR-203 were upregulated during pancreatitis and down regulated during
cholestasis, whereas miR-132 was upregulated in all models. Correlation between miR-132 and plasma
corticosterone concentrations resulted in the highest correlation coefficient, when compared to the
analysis of miR-375, miR-203 and miR-30b. These results indicate that miR-132 might function as a
general biomarker for distress, whereas the other miRNAs were altered in a disease specific manner.
In conclusion, plasma miRNA profiling may help to better characterize the level of distress in mouse
models for gastrointestinal diseases.

An improvement of animal welfare standards in research is demanded by the general public and provides a sound
foundation for scientists to generate valid data’. Frist steps to this approach were made by incorporating the
3R-concept?, an extensive harm/benefit-analysis® and severity assessment* into the application process of animal
experiments. Severity assessment is required in the European Union and presumes a prospective and retrospective
grading of procedures and animal models*. Essential to correctly perform the latter is evidence-based assessment
of distress in laboratory animals. Several parameters, which might be used for distress assessment in rodents,
were introduced in the last decade, such as body weight change, clinical scores®, voluntary wheel running®,
nesting behavior”®, burrowing activity’~!!, concentrations of plasma corticosterone'>'* and fecal corticosterone
metabolites (FCMs)'*"°. By applying these parameters a first evidence-based severity grading on a few animal
models and experimental procedures was obtained®!'¢~'8. However, even these mostly non-invasive and easy to
assess measures carry some disadvantages. The clinical scores and assessing nesting behavior might be influenced
by observer bias!". Strain-specific differences were observed in nesting activity”’, burrowing behavior?!, plasma
corticosterone!*?? and FCMs**?%. In addition, corticosterone does not indicate exclusively distress, but is also
influenced by other physiological processes such as circadian rhythm'®, estrus cycle* and sexual arousal®. These
limitations point out that current distress analysis needs to be optimized, to enable an accurate and objective
comparison of different animal models or strains. There is, therefore, a strong need to develop a widely applicable
biomarker for animal distress. MicroRNAs (miRNAs) could address this issue. These small ribonucleic acids are
about 20 nucleotides and can be detected in various body fluids. As important post-transcriptional regulators
they modify gene expression and are involved in physiological and pathophysiological processes. Also used as
therapeutic targets, microRNAs are more and more utilized as biomarkers for clinical relevant diseases such as
hypertrophic cardiomyopathy?” or cancer®. MicroRNAs have been detected in many clinically relevant body
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fluids including serum and plasma?®. They are known as highly stable molecules with slow turnover rates?® and are
described as accurate and sensitive diagnostic tools especially at early stages of disease progression when clinical
symptoms are still absent or missed in clinical examinations. Technological advancements made it possible to
reliably extract microRNAs from body fluids and evaluate their abundance by TagMan-based qRT-PCR.

The aim of the present study was to discover, if circulating miRNA candidates might function as biomarkers
to assess distress of animals during different gastrointestinal diseases. We, therefore, analyzed the expression
of 750 different miRNAs via a high-throughput approach in the plasma of mice before and after induction of
pancreatitis and validated promising candidates in two additional gastrointestinal pathologies, such as pancreatic
cancer and bile duct ligation (BDL). The expression of these miRNAs was further compared to a multimodal
distress assessment of all animal models.

Results

Distress assessment during gastrointestinal diseases. Pancreatitis was induced by repetitive cerulein
injections, three times a week, until euthanasia of the mice. The distress was assessed on these mice before any
intervention on day-2, in the early (day 2), and late phase (day 30) of diseases progression, or immediately before
euthanasia (euth.) on day 33 (Fig. 1a). The body weight and burrowing activity was significantly reduced during
the early phase of pancreatitis (Fig. 1b,c). Non-significant changes were noticed when analyzing nesting activity
or the distress-score (Fig. 1d,e). Corticosterone was significantly increased during the early phase of pancreatitis,
indicated either by its metabolites in feces or the plasma concentration (Fig. 1f, g). Four out of six parameters
indicated a significant increase of distress during the early phase of disease progression.

The syngeneic orthotopic pancreatic cancer model was established by injecting murine carcinoma cells into the
pancreas on day 0. The mice were either treated with metformin + galloflavin (treatment), or the corresponding
vehicles, PBS + DMSO (experimental), from day 4 until day 37. The distress of mice was analyzed before any
intervention on day-2 and during the late phase of disease progression (Fig. 2a). A non-significant reduction
of body weight change was observed in the experimental and treatment group at the late phase of disease
progression (Fig. 2b). No significant changes were noticed in burrowing, nesting behavior and distress-score
(Fig. 2c-e). However, FCMs and plasma corticosterone concentration showed a significant increase at the late
phase of cancer progression in the experimental and treatment group (Fig. 2f,g). Only two out of six parameters
indicated increased distress at the late phase of disease progression suggesting a need to find additional markers
of distress.

BDL was executed on day 0 to induce a cholestatic liver fibrosis. Mice were either injected (i.p.) with the
NLRP3 inflammasome inhibitor MCC950 (treatment) or the corresponding vehicle (experimental) on a daily
basis from day-1 until day 13 before/after BDL. Distress was evaluated on healthy mice at day-3 and at the late
phase of disease progression (Fig. 3a). The body weight change was significantly reduced in the experimental
and treatment group with a median body weight loss of — 12 to — 13% (Fig. 3b). The burrowing behavior was
also significantly reduced in all mice at the late phase of disease progression (Fig. 3c). We noticed a significant
reduction of nesting activity merely in the treatment group (Fig. 3d). At the late phase of BDL score sheet criteria
including body weight loss of up to 10%, ruftled fur and dehydration were scored frequently, passive behavior
was noticed rarely and ascites was observed once. These observations resulted in a significant increase of distress-
score in the experimental as well as the treatment group (Fig. 3e). Plasma corticosterone concentrations were
significantly increased in the experimental group (Fig. 3f). All five analyzed distress parameters were significantly
altered after BDL.

To quantify possible miRNA candidates as biomarker for animal distress, the concentration of 750 miRNAs
were analyzed in the blood plasma of mice without any intervention (control) and in the early phase of
pancreatitis (experimental). The early phase of pancreatitis was chosen, since the highest distress was measured
during that time period (Fig. 1). From 750 miRNAs 76 miRNAs were selected based on inclusion criteria: p <0.05
and mean ct-value per group below 30 (Fig. 4, Supplementary Figure S1). Out of the 76 miRNAs the three best
regulated miRNAs (inclusion criteria: ct-value <19 and absolute fold change > 1.4, Supplementary Table S1-2)
and one miRNA selected by a systemic literature search (Supplementary Figure S2) were selected for further
validation. The expression of miR-375 was significantly upregulated in the early phase of chronic pancreatitis
(Fig. 5a). In contrast, no significantly changed expression was observed after induction of pancreatic cancer
(Fig. 5b). At the late phase after BDL a significant downregulation of miR-375 was quantified in the experimental
as well as in the treatment group (Fig. 5¢). The expression of miR-30b was only significantly downregulated after
pancreatitis induction (Fig. 5d). In contrast, no significant deregulation was observed after induction of either
pancreatic cancer or BDL (Fig. 5e,f). The expression of miR-203 was significantly upregulated in the plasma of
mice bearing pancreatitis, while no change of expression was noticed in the pancreatic cancer model (Fig. 5g,h).
After BDL miR-203 proved to be significantly downregulated in the experimental group (Fig. 51). MiR-132 was
significantly upregulated after induction of pancreatitis, pancreatic cancer and liver fibrosis (Fig. 5j,k).

Additionally, the correlation of plasma corticosterone concentrations with all four miRNA candidates was
quantified by pooling data from experimental and treatment mice of all three animal models. Compared to miR-
30b (r=0.1759, p=0.2977), miR-203 (r=0.1233, p=0.4673) and miR-375 (r=0.3305, p=0.0457) the highest
correlation strength with the individual plasma corticosterone was obtained by miR-132 (r=0.6811, p <0.0001;
Fig. 6a-d).

The performance of miR-132 to differentiate between healthy mice (control) and mice after disease induction
(experimental) was analyzed by ROC-curve analysis. ROC-curve analysis is used to graph the performance
of a diagnostic tests, an AUC of 1.0 represents high discriminatory power, while a value of 0.5 demonstrates
no discriminatory power®. MiR-132 indicated a high discriminatory power after pancreatitis (AUC=0.91, CI
0.77-1.0) and pancreatic cancer induction (AUC=0.81, CI 0.62-0.99; Fig. 7a,b). In the liver fibrosis model
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Figure 1. Distress analysis during chronic pancreatitis. Pancreatitis was induced by repetitive, i.p. injections of
cerulein, three times a week. The distress was assessed before any intervention (day-2), in the early phase (day
2) and at the late phase (day 30) of disease progression (a), by assessing body weight change (b), burrowing
behavior (c), nesting-score (d) distress-score (e), FCMs (f). Just before euthanasia (euth.) corticosterone was
assessed in the plasma of mice (g). Statistical significance of parametric data was calculated by RM one-way
ANOVA, followed by Tukey’s multiple comparisons test (b, ¢, e). Non-parametric data was analyzed, by
Friedman test followed by Dunn’s multiple comparisons test (d, f) or Kruskal-Wallis test, followed by Dunn’s
multiple comparison (g). P <0.05: significant to indicated phase. a-f (n=8), g control (n=11), early (n=9), late
(n=2).

miR-132 exhibited an even better performance to discriminate between healthy and bile duct ligated mice with
an AUC of 1.0 (CI 1.0-1.0, Fig. 7c). In order to compare all three animal models body weight change, distress-
score and miR-132 expression level were evaluated. After BDL the mice lost significantly more body weight
compared to the pancreatic diseases (Fig. 8a). The distress-score after BDL was also significantly increased
compared to the pancreatitis and the pancreatic cancer model (Fig. 8b). In accordance with the altered distress
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Figure 2. Distress assessment of the murine pancreatic cancer model. Carcinoma cells were injected on day 0
and the animals were treated daily by i.p. injection of metformin and three times a week with galloflavin from
day 4 to day 37 (treatment) or the corresponding vehicles, PBS and DMSO (experimental). Distress was assessed
before any intervention (day-2) and at the late phase (day 36) of disease progression (a), by assessing body
weight change (b), burrowing behavior (c), nesting-score (d) distress-score (e) and FCMs (f) or by assessing
plasma corticosterone concentration just before euthanasia (euth.) (g). Statistically significant differences of
non-parametric data were analyzed by Kruskal-Wallis test, followed by Dunn’s multiple comparisons test (b-e,
g). Parametric data was calculated by one-way ANOVA, followed by Tukey’s multiple comparisons test (f).

P <0.05 was considered to be significant; a—f: control (n=11), experimental (n=5), treatment (n=6); g: (n=11),
experimental (n=9), treatment (n=4).

parameters, a significantly higher upregulation of miR-132 expression was observed after BDL, when compared
to the pancreatitis and the pancreatic cancer model (Fig. 8c).
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Figure 3. Distress assessment after bile duct ligation. The bile duct ligation was performed on day 0. MCC950
(treatment) or vehicle solution (experimental) were applied as daily i.p. injection from day-1 to day 13.
Distress was assessed before any intervention (day-3) and at the late phase (day 13) of disease progression

(a), by assessing body weight change (b), burrowing behavior (c), nesting-score (d) and a distress-score (e)

or by assessing just before euthanasia (euth.) plasma corticosterone concentration (f). Significant differences

of non-parametric data were calculated by Kruskal-Wallis test and Dunn’s method for multiple comparisons
(b—f). P <0.05 was considered to be significant; b +e: control (n=24), experimental (n=12), treatment (n=12),
c+d: control (n=10), experimental (n=5), treatment (n=>5), f: control (n=12), experimental (n=8), treatment
(n=5).

Discussion

The present study revealed that the expression of many different miRNAs is modulated after induction of various
gastrointestinal diseases in mice. MiR-132 proved to be significantly upregulated in all gastrointestinal animal
models and showed also a significant correlation with individual plasma corticosterone concentrations. The
most intense upregulation of miR-132 was detected after bile duct ligation, while the induction of pancreatitis
and pancreatic cancer resulted in a more moderate elevation. This was consistent with higher distress caused
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Figure 4. The expression pattern of regulated miRNAs. The heat map illustrates the differentially expressed
miRNAs (inclusion criteria: p <0.05 and mean ct-value per group < 30) in the blood plasma of either healthy
mice (control) or mice after induction of pancreatitis at day 2 (experimental); control (n=5), experimental
(n=5).

by BDL when compared to distress caused by pancreatitis and pancreatic cancer. These results indicate that
miR-132 might function as a good biomarker to assess distress in gastrointestinal animal models, whereas miR-
375, miR-30b and miR-203 might be biomarkers indicating disease-specific pathophysiological processes. For
example, miR-375 was specifically induced during pancreatitis and this miRNA is known to be upregulated
in patients and animals bearing chronic pancreatitis and might, therefore, reflect the degree of the pancreatic
injury®'-**. After BDL miR-375 expression was significantly downregulated. This result is consistent with reduced
concentration of miR-375 in serum samples of patients suffering from Hepatitis C*°, nonalcoholic fatty liver
disease®® or hepatocellular carcinoma®. All these pathologies are associated with hepatic fibrosis. The expression
of miR-203 was induced during pancreatitis in mice and was also found to be upregulated in patients with acute
pancreatitis and in a cerulein treated rat pancreatic acinar cell line®®. This study also suggested that a high level
of miR-203 aggravates the cerulein induced cell injury through suppression of nuclear factor interleukin-3%.
In line with our results, a significant downregulation of miR-203 was also observed in mice after induction of
alcoholic induced liver damage™®.

Out of the 4 miRNA candidates exclusively miR-132 was significantly upregulated after induction of all
gastrointestinal diseases (Fig. 5j-1). The most intense increase of miR-132 was noticed after bile duct ligation,
while pancreatitis and pancreatic cancer resulted in a low to moderate upregulation of miR-132. These animal
model specific increases of miR-132 were consistent with the elevation of distress confirmed by the multimodal
distress assessment (Figs. 1-3, 8). BDL resulted in a significant alteration of all assessed parameters. Especially
a high body weight loss (median of 13%) and a significant increase of the distress score (median of 6) indicated
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Figure 5. Relative expression of miRNA candidates before and after induction of distinct gastrointestinal
diseases in mice. The expression level of miR-375 (a-c), miR-30b (d-f), miR-203 (g-i) and miR-132 (j-1)

was analyzed in the blood plasma of healthy mice before any intervention (c), compared to the early phase of
pancreatitis, or at the late phase of pancreatic cancer progression or bile duct ligation, either on mice treated
with vehicle (exp.) or undergoing therapy (treat.). Statistically significant differences of non-parametric data
were analyzed by Kruskal-Wallis test and Dunn’s method (e, h, i, 1). Parametric data was calculated by one-way
ANOVA, followed by Tukey’s multiple comparisons test (b, c, f, k). Parametric data for single comparison was
calculated using unpaired t-test (a) and non-parametric data was analyzed by Mann-Whitney test (d, g, j).
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Figure 6. Correlation of plasma corticosterone concentration with miRNAs. Plasma corticosterone
concentrations from experimental and treatment cohorts of mice with chronic pancreatitis (early phase),
pancreatic cancer and after bile duct ligation (late phase) were pooled and correlated either with the expression
of miR-30b (a), miR-203 (b), miR-375 (c) or miR-132 (d). Correlation coefficient (r) and p-values were obtained
by Spearman correlation. P <0.05 was considered to be significant (c, d). a-d (n=37).

a ROC of miR-132 Panc b ROC of miR-132 PDA C ROC of miR-132 BDL
100 100 100900000 0000000
| .
80 80 80—'
X X X
2 60 2 60 2 60#
2 2 2
= = = 4
2 40 2 40- 2 404
Q Q Q
(2} AUC =0.91 (2} AUC =0.81 (2 ) AUC =1.0
20 Cl=0.77-1.0 209 | Cl =0.62-0.99 204 Cl=1.0-1.0
P =0.0015 P=0.0205 P P =0.0002
0 Il T 1 T T 1 0-¢ T T T 1 1 0-¢ 1 T 1 T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity% 100% - Specificity%

Figure 7. Performance of miR-132 to discriminate between healthy mice and mice after induction of
gastrointestinal diseases. The area under the curve (AUC), the 95% confidence interval (CI) and the p-value
were assessed by receiver operating characteristic curve analysis on data from healthy mice before any
intervention (control) and mice after induction of chronic pancreatitis in the early phase (experimental) (a) and
the late phase of pancreatic cancer (experimental) (b), as well as bile duct ligation (experimental) (c). a: control
(n=11), experimental (n=10), b: control (n=11), experimental (n=9), c: control (n=12), experimental (n=3).

high distress of mice at the late phase of this pathology. However, a limitation of this study is that we have used
BALB/c mice for BDL and C57Bl/6 ] mice for the pancreatic cancer and pancreatitis model. The BALB/c strain
was chosen for the BDL model, since it was reported that liver injury causes marked hepatic fibrosis in this mouse
strain*~*2, The BALB/c strain is, however, also known to be more sensitive to some stressors when compared
to the C57BL6/] mice'*?>%. This difference is probably caused by higher anxiety or genetic alterations of the
HPA axis?*?. Thus, the observed differences in distress parameters and miR-132 expression might not only be
influenced by the severity of distinct interventions, but also by strain specific differences in the sensitivity to
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Figure 8. Animal model related distress compared to miR-132 expression. The percentage of body weight
change (a), and distress-score (b), as well as the fold increase of miR-132 expression (c) was assessed after
induction of pancreatitis (Panc) in the early phase, as well as in the late phase of pancreatic cancer (pancreatic
ductal adenocarcinoma, PDA) and bile duct ligation (BDL). Parametric data was calculated by one-way
ANOVA, followed by Tukey’s multiple comparisons test (a). Statistically significant differences of non-
parametric data were analyzed by Kruskal-Wallis test and Dunn’s method (b, ¢). P <0.05 was considered to be
significant. a, b: Panc (n=8); PDA (n=5), BDL (n=12); c: Panc (n=10), PDA (n=9), BDL (n=38).

insults. Both aspects might contribute to distress and higher miR-132 concentration in the BDL model, when
compared to pancreatitis and pancreatic cancer.

The level of distress when comparing pancreatic cancer, pancreatitis and BDL was perfectly reflected by the
upregulation of miR-132 (Fig. 8). In all three animal models miR-132 had a very high performance as diagnostic
test when differentiating between control animals and animals suffering from pancreatitis, pancreatic cancer or
BDL (Fig. 7). These results might indicate that miR-132 might function as a possible biomarker to assess distress of
animals. An upregulation of miR-132 was also observed in other studies after different stressors in mice and rats,
such as predator scent induced anxiety*’, chronic restrain stress*, neuropathic pain®, trace fear conditioning*,
acute and chronic stress®’. The above mentioned literature points out that miR-132 expression is able to respond
to the multidimensional nature of animal distress, including anxiety, pain, psychological and physical stress.
The stress induced upregulation of miR-132 leads to a suppression of hippocampal acetylcholinesterase (AChE)
level, associated with an improved cognitive function after stress induction*>*%. A long-lasting suppression of
AChE might even reduce stress induced neuronal sprouting***%. Through the same target miR-132 is also able
to restrict inflammation®. The upregulation of miR-132 might therefore be a coping mechanism for distress.

Besides an upregulation of miR-132 in response to distress, some studies also observed a significant
downregulation of miR-132 in response to social and physical enrichment®®*!. This result implies that the
upregulation of miR-132 might function as biomarker for distress and that its downregulation indicates well-
being of animals.

The expression of miR-132 in response to stress was quantified primarily in tissue, such as
hippocampus*>#446:47:50:5253 "gpinal cord®* or dorsal root ganglia®. In contrast to the mentioned literature, the
present study proved that the stress-specific deregulation of miR-132 is not just locally restricted to neuronal
tissue, but can also be quantified systemically in the blood. This is an important point when using miR-132 as
biomarker for distress in future studies.

One limitation of the present study is that these results do not indicate the source of circulating miR-132
expression. The increase of miR-132 might be caused by a stress-specific increase in the neuronal tissue®*~*,
however we cannot completely exclude that the increased systemic miR-132 level is caused by damage of the
pancreas or liver. No link between miR-132 expression and pancreatitis was reported so far. However, miR-132
expression is reported to be upregulated in beta cells of the pancreas in response to hyperglycemia and obesity**’.
In previous studies we could prove that hyperglycemia is not observed during a cerulein induced pancreatitis®®®.
This suggests that miR-132 expression is not induced by a pancreatogenic diabetes mellitus secondary to chronic
pancreatitis. The connection of miR-132 expression and pancreatic cancer is controversially discussed in the
literature, some studies reported a downregulation of the miR-132 expression in cancer tissue and cells®-¢,
while other studies confirmed an upregulation of miR-132%-%°, The hepatic expression of miR-132 is reported
to be upregulated after alcoholic hepatitis®, nonalcoholic fatty liver disease (NAFLD), hepatic steatosis®’, as well
as cholestasis®®. Zong et al. found even a correlation between the serum miR-132 expression and the NAFLD
risk in patients®. According to the above mentioned literature a possible liver-disease-specific regulation on
the systemic miR-132 expression cannot be eliminated completely. However, in the present study we did not
observe a significant correlation between miR-132 expression and liver fibrosis (% of liver section area stained
positively for collagen 1 alpha, r=0.2133, p=0.6615) or necrosis (% of necrotic area of H/E stained liver sections,
r=0.03571, p=0.9635) after bile duct ligation. In addition, the significant increase of miR-132 expression after
pancreatitis and pancreatic cancer (Fig. 5j—-k) might also argue against the liver damage as a sole cause for miR-
132 expression, since the liver function is not affected in these animal models. These results in combination
with the significant correlation between miR-132 and individual plasma corticosterone concentration (Fig. 6d),
support our hypothesis that miR-132 might function as systemic biomarker for distress in animal models for
gastrointestinal diseases.
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Methods

Ethical statementand animals.  Allanimal experiments were approved by the local authority (Landesamt
fir Landwirtschaft, Lebensmittelsicherheit und Fischerei; 7221.3-1-002/17; 7221.3-1-019/15). The experiments
were performed in accordance with the German law” for animal protection and the European Union Directive
2010/63/EU*. Breeding pairs of C57Bl/6 and BALB/c mice were originally purchased from Charles River and
further bred in our facility in Rostock under specific pathogen free conditions. During the experiment the mice
were housed in European standard type III cages (Zoonlab GmbH, Castrop-Rauxel, Germany) at a 12 h dark/
light cycle (dark phase: 7 pm-7 am) and a temperature of 21 +2 °C, with a relative humidity of 60 +20%. Food
pellets (ssniff Spezialdidten GmbH, Soest, Germany) and tap water was provided ad libitum. Enrichment was
provided by nesting material (Zoonlab GmbH), paper role (ssniff Spezialdidten GmbH) and wooden block
(Abedd Vertriebs GmbH, Vienna, Austria).

Induction of gastrointestinal diseases and treatments. Chronic pancreatitis was induced in 21
male 9-15 weeks old C57Bl/6 mice by three repetitive i.p. injection of cerulein (50 pg/kg; Merck, Darmstadt,
Germany), diluted in 0.9% sodium chloride, at a rate one every hour, three times a week up to 30 days, the mice
were euthanized on days 33 after the first cerulein injection.

For the orthotopic injection of cancer cells, 18 male 12-14 weeks old C57Bl/6 mice were anaesthetized with
1.2-2.5% isoflurane, placed on a warming plate and the eyes were kept wet by eye ointment. The mice were
shaven, a laparotomy was performed and murine 6606PDA cells (2.5 x 10° cells in 5 pl matrigel) were injected
into the pancreas, using a 25 pl syringe (Hamilton Syringe, Reno, NV, USA). The abdomen was closed using
coated 5-0 vicryl suture (Johnson & Johnson Medical GmbH, New Brunswick, NJ, USA) for the peritoneum
and a 5-0 prolene suture (Johnson & Johnson Medical GmbH). The surgery lasted up to 20 min for each mouse.
The mice were then allocated in a non-random manner matching the performance of the behavior tests into the
distinct treatment groups. The chemotherapeutic intervention was conducted by daily intraperitoneal injection
of metformin (125 mg/kg in PBS; Merck, Darmstadt, Germany) in combination with galloflavin (20 mg/kg in
DMSO, Tocris Bioscience, Bristol, United Kingdom), which was injected three times a week. The sham treatment
was performed using an equivalent volume of the corresponding vehicle (PBS, DMSO).

For BDL 24 male BALB/c mice (age: 10-21 weeks) were anaesthetized with 1.2-2.5% isoflurane, placed
on a heating plate and eye ointment was applied. The abdomen was shaven and a midline laparotomy was
performed. The bile duct was ligated three times with 5-0 silk and transected between the two distal ligations. The
peritoneum and skin was closed with 5-0 prolene suture (Johnson & Johnson Medical GmbH). The surgery lasted
15-25 min for each mice. The treatment was executed by daily intraperitoneal injection of NLRP3 inflammasome
inhibitor MCC950 (20 mg/kg in aqua, Sigma Aldrich, St. Louise, USA) or the corresponding vehicle from day-1
until day 13 after BDL.

As perioperative analgesia for BDL and carcinoma cell injection 5 mg/kg carprofen (Rimadyl, Pfizer GmbH,
New York City, USA) was injected subcutaneously before each surgery. For all mice 1250 mg/l metamizol
(Ratiopharm, Ulm, Germany) was provided as analgesia in the drinking water from the first day of intervention
until euthanasia.

Distress assessment. The body weight was assessed 24 h after the indicated days before any intervention,
early or late phase of disease progression, to allow sufficient time for body weight adjustments. The body weight
change was calculated as percentage of the value assessed 3-5 days before any intervention. The distress score
was assessed on a daily basis for health monitoring, according to a previously published score sheet'?”*. The
burrowing behavior was performed according to Deacon®'’, by placing a burrowing tube, filled with 200+ 1 g
pellets into the home cage 2-3 h before the dark phase. The burrowed amount of pellets (ssniff Spezialdidten
GmbH) was calculated for the C57Bl/6 mice after 2 h (6-7 pm) and for the BALB/c strain after 17 h on the
next morning. The nesting activity was assessed by providing a nestlet (5 cm square of pressed cotton batting,
Zoonlab GmbH), in the home cage 30 to 60 min before the dark phase. The nest was scored on the next morning,
additional to the 5-point scale from Deacon we scored 6-points for a perfect nest, which looked like a crater
and more than 90% of the circumference was higher than the body height of a mouse. Nesting and burrowing
behavior was assessed two times in group housing, since the learning process is enhanced by social facilitation?,
afterward the animals were single housed until euthanasia. Mice which burrowed less than 10 g during the pre-
experimental phase were excluded for further distress analysis (4 C57Bl/6 mice). To analyze FCMs, 200-400 mg
feces were collected after 24 h of the indicated days for each animal model from the home cage. Feces were dried
for 4 h at 65 °C and stored at — 20 °C. 50 mg of dried feces were extracted with 80% methanol and were analyzed
by a 5a-pregnane-3p,11p,21-triol-20-one enzyme immunoassay'”. FCMs were not analyzed after BDL, because
steroid hormones are known to be excreted via the bile duct’>. Some of the data from the distress assessment was
already published in other contexts'”"73,

Blood and tissue sampling. To analyze the expression of miRNAs, an amount of 100 pl blood plasma was
necessary from each mouse. Since a huge blood loss (> 200 pl), would lead to long-lasting impairment of the mice,
the blood was taken only once and the animals were euthanized afterwards. Thus, 11 C57Bl/6 mice (10-12 weeks
old) and 12 BALB/c mice (8-12 weeks old) were used as control animals (experiencing no intervention before
the blood collection). In order to analyze blood plasma during the early phase of pancreatitis, 10 additional
C57Bl/6 mice (12-14 weeks old) were bled and sacrificed on day 2. For the blood sampling the mice were
anesthetized for 2-3 min by 5% isoflurane and 500-700 pl blood was collected via retro orbital puncture within
30 s, followed by immediate euthanasia via cervical dislocation. For the quantification of plasma, plasma of all
mice, used for the miRNA expression analysis was measured in a blinded fashion with the mouse and rat ELISA-
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Kit (DEV9922, Demeditec Diagnostics GmbH, Erfurt, Germany) according to manufacturer instructions. To
quantify the degree of liver damage, four micrometers thick paraffin-embedded liver slices were stained with
hematoxylin and eosin (H/E), as well as immunostained with rabbit -anti-collagen la (1:200, Abcam 34719,
Cambridge, UK) and HRP conjugated goat-anti-rabbit (1:100, Dako Deutschland GmbH, Hamburg, Germany)
antibodies.

Analysis of miRNAs.  For assessing miRNAs, the RNA was isolated by miRNeasy plasma Mini Kit (Qiagen)
according to instructions for small RNA isolation. 30 ul of RNA-solution were obtained from an amount of
100 pl plasma. Synthetic Caenorhabditis elegans miR-39 (5 pl of 1 fmol/ul) was added as spike-in control
during RNA isolation to the Qiazol/chloroform/plasma mixture. For performing miRNA expression profile we
selected one out of three animal-models (pancreatitis model) and randomly chose 5 samples per group. After
preamplification, TagMan gene expression array cards (Rodent A and B Card Set v3, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) were used according to manufacturer’s instructions using ViiA 7 Real-Time PCR
System with QuantStudio Real-Time PCR Software v1.3. 750 different reactions of highly conserved miRNAs
were measured. Screening results were normalized using global normalization. For analyzing these array
data, we used -ddCT method. From these 750 miRNAs, 76 significantly deregulated miRNAs were presented
as heat map in Fig. 4 and in the volcano plot Supplementary Figure S1 (inclusion criteria: p <0.05 and mean
ct-value per group below 30). Out of the 76 significantly deregulated miRNAs, miR-375, miR-30b and miR-
203 were selected for further validation The selection process can be comprehended by sorting the 76 miRNAs
ascending according to the ct-values (Supplementary Table S1), the 9 miRNA candidates with the lowest ct-value
(ct-value < 19) were further sorted according to the absolute log FC (Supplementary Table S2) and the three
miRNAs with the highest absolute log FC (> 1.4) were chosen for further quantification. Additionally, we chose
miR-132 for further validation due to a systematic literature review (Supplementary Figure S2). This review was
performed according to the PRISMA guidelines’. Publications were identified by searching PubMed, on 7 May
2020, using the following search strategy: (miR [tiab] OR miRNA [tiab] OR microRNA [tiab]) AND regulation
[tiab] AND (animal [tiab] OR rodents [tiab] OR mice [tiab] OR mouse [tiab] OR rat [tiab]) AND (stress [tiab]
NOT oxidative NOT hypoxic NOT metabolic NOT mechanic NOT endoplasmic reticulum OR distress [tiab]
OR "severity assessment" [tiab] OR pain [tiab] OR suffering [tiab] OR anxiety [tiab] OR harm [tiab]) Exclusion
criteria: We excluded article types, which were reviews or commentaries; literature written not in English and
irrelevant literature (literature which does not meet the inclusion criteria). Plasma samples out of all three animal
models were chosen for validation process. TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems,
Foster City, California, USA) was used according to developer’s instructions to transcribe the isolated RNA of
each blood sample to their complementary DNA (cDNA).

Data analysis. For graphs and statistical analysis, the program GraphPad Prism 8.0 (GraphPad Software,
San Diego, USA) was used. For Figs. 1-3, 5 and 8 the data is presented in form of point plots, indicating
median+95% confidence interval. For the assessment of normality, the Shapiro-Wilk-test was applied and
for scores (nest-score, distress-score) the Kolmogorow-Smirnov test. Significant differences were calculated
in case of paired samples (Fig. 1) for parametric data by RM one-way ANOVA, followed by Tukey’s multiple
comparisons test. Non-parametric data was analyzed, by Friedman test followed by Dunn’s multiple comparisons
test. In case of unpaired samples (Figs. 2, 3, 5), parametric data was calculated by one-way ANOVA and Tukey’s
multiple comparisons test. Non-parametric data was analyzed by Kruskal-Wallis test and Dunn’s method for
multiple comparisons. Parametric data for single comparison was calculated using unpaired t-test and non-
parametric data was analyzed by Mann-Whitney test. Differences with P <0.05 were considered to be significant.
Correlation analysis were performed with Spearman’s rank correlation coefficient, since not just a linear but also
a monotonic relation between the variables might be possible. To characterize the performance of miRNA to
quantify mice before and after disease induction, receiver operating characteristic (ROC) curve analysis was
performed and the area under the curve (AUC), p-value and 95% confidence intervals were calculated. The exact
sample size for each figure is indicated in the figure legends.

Data availability
The datasets used and/or analyzed during the present study are available from the corresponding author on
reasonable request.

Received: 27 May 2020; Accepted: 18 September 2020
Published online: 09 October 2020

References

1. Weed, J. L. & Raber, J. M. Balancing animal research with animal well-being: establishment of goals and harmonization of
approaches. ILAR J. 46, 118-128. https://doi.org/10.1093/ilar.46.2.118 (2005).

2. Russel, W. M. S. & Burch, R. L. The principles of humane experimental technique. Med. J. Aust. 1, 500. https://doi.
org/10.5694/j.1326-5377.1960.tb73127.x (1960).

3. Graham, M. L. & Prescott, M. J. The multifactorial role of the 3Rs in shifting the harm-benefit analysis in animal models of disease.
Eur. J. Pharmacol. 759, 19-29. https://doi.org/10.1016/j.ejphar.2015.03.040 (2015).

4. European Parliament. Directive 2010/63/EU of the European Parliament and the Council of September 2010 on the protection of
animal used for scientific purposes. 2010/63/EU. Preprint at https://eur-ex.europa.eu/LexUriServ/LexUriServ.do?uri=0]J:L:2010
:276:0033:0079:en:PDF (2010).

5. Morton, D. B. & Griffiths, P. H. Guidelines on the recognition of pain, distress and discomfort in experimental animals and an
hypothesis for assessment. Vet. Rec. 116, 431-436. https://doi.org/10.1136/vr.116.16.431 (1985).

Scientific Reports |

(2020) 10:16931 | https://doi.org/10.1038/s41598-020-73972-7 nature research


https://doi.org/10.1093/ilar.46.2.118
https://doi.org/10.5694/j.1326-5377.1960.tb73127.x
https://doi.org/10.5694/j.1326-5377.1960.tb73127.x
https://doi.org/10.1016/j.ejphar.2015.03.040
https://eur-ex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF
https://eur-ex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF
https://doi.org/10.1136/vr.116.16.431

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

. Higer, C. et al. Running in the wheel. Defining individual severity levels in mice. PLoS Biol. 16, €2006159. https://doi.org/10.1371/

journal.pbio.2006159 (2018).

. Deacon, R. M. J. Assessing nest building in mice. Nat. Protoc. 1, 1117-1119. https://doi.org/10.1038/nprot.2006.170 (2006).
. Jirkof, P. et al. Assessment of postsurgical distress and pain in laboratory mice by nest complexity scoring. Lab. Anim. 47, 153-161.

https://doi.org/10.1177/0023677213475603 (2013).

. Deacon, R. Assessing burrowing, nest construction, and hoarding in mice. J. Vis. Exp. 59, €2607. https://doi.org/10.3791/2607

(2012).

Deacon, R. M. J. Burrowing in rodents: a sensitive method for detecting behavioral dysfunction. Nat. Protoc. 1, 118-121. https://
doi.org/10.1038/nprot.2006.19 (2006).

Jirkof, P. et al. Burrowing behavior as an indicator of post-laparotomy pain in mice. Front. Behav. Neurosci. 4, 165. https://doi.
org/10.3389/fnbeh.2010.00165 (2010).

Kumstel, S. et al. Grading distress of different animal models for gastrointestinal diseases based on plasma corticosterone kinetics.
Animals (Basel) 9, 145. https://doi.org/10.3390/ani9040145 (2019).

Benedetti, M. et al. Plasma corticosterone levels in mouse models of pain. Eur J Pain 16, 803-815. https://doi.org/10.100
2/j.1532-2149.2011.00066.x (2012).

Palme, R. Non-invasive measurement of glucocorticoids. Advances and problems. Physiol. Behav. 199, 229-243. https://doi.
0rg/10.1016/j.physbeh.2018.11.021 (2018).

Touma, C., Palme, R. & Sachser, N. Analyzing corticosterone metabolites in fecal samples of mice: a noninvasive technique to
monitor stress hormones. Horm. Behav. 45, 10-22. https://doi.org/10.1016/j.yhbeh.2003.07.002 (2004).

Abdelrahman, A. et al. A novel multi-parametric analysis of non-invasive methods to assess animal distress during chronic
pancreatitis. Sci. Rep. 9, 14084. https://doi.org/10.1038/s41598-019-50682-3 (2019).

Hohlbaum, K. et al. Severity classification of repeated isoflurane anesthesia in C57BL/6JRj mice-Assessing the degree of distress.
PLoS ONE 12, e0179588. https://doi.org/10.1371/journal.pone.0179588 (2017).

Hohlbaum, K. et al. Impact of repeated anesthesia with ketamine and xylazine on the well-being of C57BL/6JRj mice. PLoS ONE
13, €0203559. https://doi.org/10.1371/journal.pone.0203559 (2018).

Tuyttens, F. A. M. et al. Observer bias in animal behaviour research: can we believe what we score, if we score what we believe?.
Anim. Behav. 90, 273-280. https://doi.org/10.1016/j.anbehav.2014.02.007 (2014).

Goto, T., Okayama, T. & Toyoda, A. Strain differences in temporal changes of nesting behaviors in C57BL/6N, DBA/2N, and their
F1 hybrid mice assessed by a three-dimensional monitoring system. Behav. Processes 119, 86-92. https://doi.org/10.1016/j.bepro
¢.2015.07.007 (2015).

Pobbe, R. L. H. et al. Expression of social behaviors of C57BL/6] versus BTBR inbred mouse strains in the visible burrow system.
Behav. Brain Res. 214, 443-449. https://doi.org/10.1016/j.bbr.2010.06.025 (2010).

Shanks, N., Griffiths, J., Zalcman, S., Zacharko, R. M. & Anisman, H. Mouse strain differences in plasma corticosterone following
uncontrollable footshock. Pharmacol. Biochem. Behav. 36, 515-519 (1990).

Ibarguen-Vargas, Y., Surget, A., Touma, C., Palme, R. & Belzung, C. Multifaceted strain-specific effects in a mouse model of
depression and of antidepressant reversal. Psychoneuroendocrinology 33, 1357-1368. https://doi.org/10.1016/j.psyneuen.2008.07.010
(2008).

Wright-Williams, S. L., Courade, J.-P, Richardson, C. A., Roughan, J. V. & Flecknell, P. A. Effects of vasectomy surgery and
meloxicam treatment on faecal corticosterone levels and behaviour in two strains of laboratory mouse. Pain 130, 108-118. https
://doi.org/10.1016/j.pain.2006.11.003 (2007).

Nichols, D. J. & Chevins, P. E Plasma corticosterone fluctuations during the oestrous cycle of the house mouse. Experientia 37,
319-320. https://doi.org/10.1007/BF01991678 (1981).

Bronson, E. H. & Desjardins, C. Endocrine responses to sexual arousal in male mice. Endocrinology 111, 1286-1291. https://doi.
org/10.1210/endo-111-4-1286 (1982).

Derda, A. A. et al. Blood-based microRNA signatures differentiate various forms of cardiac hypertrophy. Int. J. Cardiol. 196,
115-122. https://doi.org/10.1016/j.jjcard.2015.05.185 (2015).

Chen, X. et al. Characterization of microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and other diseases.
Cell Res. 18, 997-1006. https://doi.org/10.1038/cr.2008.282 (2008).

Gilad, S. et al. Serum MicroRNAs are promising novel biomarkers. PLoS ONE 3, 3148. https://doi.org/10.1371/journal.pone.00031
48 (2008).

Hajian-Tilaki, K. Receiver operating characteristic (ROC) curve analysis for medical diagnostic test evaluation. Caspian J. Intern.
Med. 4, 627-635 (2013).

Blenkiron, C. et al. MicroRNAs in mesenteric lymph and plasma during acute pancreatitis. Ann. Surg. 260, 341-347. https://doi.
org/10.1097/SLA.0000000000000447 (2014).

Lee, H.-B. et al. Evaluation of circulating MicroRNA biomarkers in the acute pancreatic injury dog model. Int. J. Mol. Sci. 19, 3048.
https://doi.org/10.3390/ijms19103048 (2018).

Erdos, Z. et al. Evaluation of the relative performance of pancreas-specific microRNAs in rat plasma as biomarkers of pancreas
injury. Toxicol. Sci. 173, 5-18. https://doi.org/10.1093/toxsci/kfz184 (2020).

Rouse, R. et al. MicroRNA biomarkers of pancreatic injury in a canine model. Exp. Toxicol. Pathol. 69, 33-43. https://doi.
0rg/10.1016/j.etp.2016.11.001 (2017).

Elemeery, M. N., Badr, A. N., Mohamed, M. A. & Ghareeb, D. A. Validation of a serum microRNA panel as biomarkers for early
diagnosis of hepatocellular carcinoma post-hepatitis C infection in Egyptian patients. World J. Gastroenterol. 23, 3864-3875. https
://doi.org/10.3748/wjg.v23.i21.3864 (2017).

Guo, Y. et al. A micro-RNA expression signature for human NAFLD progression. J. Gastroenterol. 51, 1022-1030. https://doi.
0rg/10.1007/s00535-016-1178-0 (2016).

Liu, A. M., Poon, R. T. P. & Luk, J. M. MicroRNA-375 targets Hippo-signaling effector YAP in liver cancer and inhibits tumor
properties. Biochem. Biophys. Res. Commun. 394, 623-627. https://doi.org/10.1016/j.bbrc.2010.03.036 (2010).

Wang, L., Zhao, X. & Wang, Y. The pivotal role and mechanism of long non-coding RNA B3GALT5-AS1 in the diagnosis of acute
pancreatitis. Artif. Cells Nanomed. Biotechnol. 47, 2307-2315. https://doi.org/10.1080/21691401.2019.1623231 (2019).

Cheng, X.-Y. et al. miR-203 inhibits alcohol-induced hepatic steatosis by targeting lipinl. Front. Pharmacol. 9, 275. https://doi.
org/10.3389/fphar.2018.00275 (2018).

Liedtke, C. et al. Experimental liver fibrosis research: update on animal models, legal issues and translational aspects. Fibrogenesis
Tissue Repair 6, 19. https://doi.org/10.1186/1755-1536-6-19 (2013).

Hillebrandt, S., Goos, C., Matern, S. & Lammert, F. Genome-wide analysis of hepatic fibrosis in inbred mice identifies the
susceptibility locus Hfibl on chromosome 15. Gastroenterology 123, 2041-2051. https://doi.org/10.1053/gast.2002.37069 (2002).
Walkin, L. et al. The role of mouse strain differences in the susceptibility to fibrosis: a systematic review. Fibrogenesis Tissue Repair
6, 18. https://doi.org/10.1186/1755-1536-6-18 (2013).

Shaltiel, G. et al. Hippocampal microRNA-132 mediates stress-inducible cognitive deficits through its acetylcholinesterase target.
Brain Struct. Funct. 218, 59-72. https://doi.org/10.1007/s00429-011-0376-z (2012).

Castaneda, P. et al. Association of N-cadherin levels and downstream effectors of Rho GTPases with dendritic spine loss induced
by chronic stress in rat hippocampal neurons. J. Neurosci. Res. 93, 1476-1491. https://doi.org/10.1002/jnr.23602 (2015).

Scientific Reports |

(2020) 10:16931 | https://doi.org/10.1038/s41598-020-73972-7 nature research


https://doi.org/10.1371/journal.pbio.2006159
https://doi.org/10.1371/journal.pbio.2006159
https://doi.org/10.1038/nprot.2006.170
https://doi.org/10.1177/0023677213475603
https://doi.org/10.3791/2607
https://doi.org/10.1038/nprot.2006.19
https://doi.org/10.1038/nprot.2006.19
https://doi.org/10.3389/fnbeh.2010.00165
https://doi.org/10.3389/fnbeh.2010.00165
https://doi.org/10.3390/ani9040145
https://doi.org/10.1002/j.1532-2149.2011.00066.x
https://doi.org/10.1002/j.1532-2149.2011.00066.x
https://doi.org/10.1016/j.physbeh.2018.11.021
https://doi.org/10.1016/j.physbeh.2018.11.021
https://doi.org/10.1016/j.yhbeh.2003.07.002
https://doi.org/10.1038/s41598-019-50682-3
https://doi.org/10.1371/journal.pone.0179588
https://doi.org/10.1371/journal.pone.0203559
https://doi.org/10.1016/j.anbehav.2014.02.007
https://doi.org/10.1016/j.beproc.2015.07.007
https://doi.org/10.1016/j.beproc.2015.07.007
https://doi.org/10.1016/j.bbr.2010.06.025
https://doi.org/10.1016/j.psyneuen.2008.07.010
https://doi.org/10.1016/j.pain.2006.11.003
https://doi.org/10.1016/j.pain.2006.11.003
https://doi.org/10.1007/BF01991678
https://doi.org/10.1210/endo-111-4-1286
https://doi.org/10.1210/endo-111-4-1286
https://doi.org/10.1016/j.ijcard.2015.05.185
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1371/journal.pone.0003148
https://doi.org/10.1371/journal.pone.0003148
https://doi.org/10.1097/SLA.0000000000000447
https://doi.org/10.1097/SLA.0000000000000447
https://doi.org/10.3390/ijms19103048
https://doi.org/10.1093/toxsci/kfz184
https://doi.org/10.1016/j.etp.2016.11.001
https://doi.org/10.1016/j.etp.2016.11.001
https://doi.org/10.3748/wjg.v23.i21.3864
https://doi.org/10.3748/wjg.v23.i21.3864
https://doi.org/10.1007/s00535-016-1178-0
https://doi.org/10.1007/s00535-016-1178-0
https://doi.org/10.1016/j.bbrc.2010.03.036
https://doi.org/10.1080/21691401.2019.1623231
https://doi.org/10.3389/fphar.2018.00275
https://doi.org/10.3389/fphar.2018.00275
https://doi.org/10.1186/1755-1536-6-19
https://doi.org/10.1053/gast.2002.37069
https://doi.org/10.1186/1755-1536-6-18
https://doi.org/10.1007/s00429-011-0376-z
https://doi.org/10.1002/jnr.23602

www.nature.com/scientificreports/

45. Leinders, M., Ugeyler, N, Pritchard, R. A, Sommer, C. & Sorkin, L. S. Increased miR-132-3p expression is associated with chronic
neuropathic pain. Exp. Neurol. 283, 276-286. https://doi.org/10.1016/j.expneurol.2016.06.025 (2016).

46. Wang, R.-Y. et al. In vivo knockdown of hippocampal miR-132 expression impairs memory acquisition of trace fear conditioning.
Hippocampus 23, 625-633. https://doi.org/10.1002/hipo.22123 (2013).

47. Aten, S. et al. miR-132/212 is induced by stress and its dysregulation triggers anxiety-related behavior. Neuropharmacology 144,
256-270. https://doi.org/10.1016/j.neuropharm.2018.10.020 (2019).

48. Haviv, R., Oz, E. & Soreq, H. The stress-responding miR-132-3p shows evolutionarily conserved pathway interactions. Cell
MolNeurobiol 38, 141-153. https://doi.org/10.1007/s10571-017-0515-z (2017).

49. Shaked, I. et al. MicroRNA-132 potentiates cholinergic anti-inflammatory signaling by targeting acetylcholinesterase. Immunity
31, 965-973. https://doi.org/10.1016/j.immuni.2009.09.019 (2009).

50. Berardino, B. G. et al. Exposure to enriched environment rescues anxiety-like behavior and miRNA deregulated expression induced
by perinatal malnutrition while altering oligodendrocyte morphology. Neuroscience 408, 115-134. https://doi.org/10.1016/j.neuro
science.2019.03.027 (2019).

51. Brenes, ]. C. et al. Differential effects of social and physical environmental enrichment on brain plasticity, cognition, and ultrasonic
communication in rats. J. Comput. Neurol. 524, 1586-1607. https://doi.org/10.1002/cne.23842 (2016).

52. Ronovsky, M. et al. A role for miR-132 in learned safety. Sci. Rep. 9, 528. https://doi.org/10.1038/s41598-018-37054-z (2019).

53. Pan, B. & Liu, Y. Effects of duloxetine on microRNA expression profile in frontal lobe and hippocampus in a mouse model of
depression. Int. J. Clin. Exp. Pathol. 8, 15454-15461 (2015).

54. Hou, B. et al. Positive feedback regulation between microRNA-132 and CREB in spinal cord contributes to bone cancer pain in
mice. Eur. J. Pain 20, 1299-1308. https://doi.org/10.1002/ejp.854 (2016).

55. Manners, M. T, Tian, Y., Zhou, Z. & Ajit, S. K. MicroRNAs downregulated in neuropathic pain regulate MeCP2 and BDNF related
to pain sensitivity. FEBS Open Bio. 5, 733-740. https://doi.org/10.1016/j.fob.2015.08.010 (2015).

56. Mulder, N. L., Havinga, R., Kluiver, ]., Groen, A. K. & Kruit, J. K. AAV8-mediated gene transfer of microRNA-132 improves beta
cell function in mice fed a high-fat diet. J. Endocrinol. 240, 123-132. https://doi.org/10.1530/JOE-18-0287 (2019).

57. Dusaulcy, R. et al. miR-132-3p is a positive regulator of alpha-cell mass and is downregulated in obese hyperglycemic mice. Mol.
Metab. 22, 84-95. https://doi.org/10.1016/j.molmet.2019.01.004 (2019).

58. Zechner, D. et al. Diabetes aggravates acute pancreatitis and inhibits pancreas regeneration in mice. Diabetologia 55, 1526-1534.
https://doi.org/10.1007/s00125-012-2479-3 (2012).

59. Zechner, D. et al. Diabetes increases pancreatic fibrosis during chronic inflammation. Exp. Biol. Med. (Maywood) 239, 670-676.
https://doi.org/10.1177/1535370214527890 (2014).

60. Zhang, S. et al. Downregulation of miR-132 by promoter methylation contributes to pancreatic cancer development. Carcinogenesis
32, 1183-1189. https://doi.org/10.1093/carcin/bgr105 (2011).

61. Chen, Y. et al. MicroRNA-132 plays an independent prognostic role in pancreatic ductal adenocarcinoma and acts as a tumor
suppressor. Technol. Cancer Res. Treat. 18, 1533033818824314. https://doi.org/10.1177/1533033818824314 (2019).

62. Abukiwan, A. et al. Dexamethasone-induced inhibition of miR-132 via methylation promotes TGF-B-driven progression of
pancreatic cancer. Int. J. Oncol. 54, 53-64. https://doi.org/10.3892/ij0.2018.4616 (2019).

63. Park, J.-K. et al. miR-132 and miR-212 are increased in pancreatic cancer and target the retinoblastoma tumor suppressor. Biochem.
Biophys. Res. Commun. 406, 518-523. https://doi.org/10.1016/j.bbrc.2011.02.065 (2011).

64. Park, ]. K., Doseff, A. I. & Schmittgen, T. D. MicroRNAs targeting caspase-3 and -7 in PANC-1 cells. Int. J. Mol. Sci. 19, 1206. https
://doi.org/10.3390/ijms19041206 (2018).

65. Zhang, H. et al. MiR-132 promotes the proliferation, invasion and migration of human pancreatic carcinoma by inhibition of the
tumor suppressor gene PTEN. Prog. Biophys. Mol. Biol. 148, 65-72. https://doi.org/10.1016/j.pbiomolbio.2017.09.019 (2019).

66. Yao, . et al. Identification of key genes, MicroRNAs and potentially regulated pathways in alcoholic hepatitis by integrative analysis.
Gene 720, 144035. https://doi.org/10.1016/j.gene.2019.144035 (2019).

67. Hanin, G. et al. miRNA-132 induces hepatic steatosis and hyperlipidaemia by synergistic multitarget suppression. Gut 67, 1124
1134. https://doi.org/10.1136/gutjnl-2016-312869 (2018).

68. Rieger, J. K., Klein, K., Winter, S. & Zanger, U. M. Expression variability of absorption, distribution, metabolism, excretion-
related microRNAs in human liver: influence of nongenetic factors and association with gene expression. Drug Metab. Dispos. 41,
1752-1762. https://doi.org/10.1124/dmd.113.052126 (2013).

69. Zong, Y. et al. Relationship between circulating miR-132 and non-alcoholic fatty liver disease in a Chinese population. Hereditas
157, 22. https://doi.org/10.1186/s41065-020-00136-y (2020).

70. Bundesrepublik Deutschland. Tierschutzgesetz. TierSchG. BGBL.IS.2586. Preprint at https://www.gesetze-im-internet.de/tiers
chg/BJNR012770972.html (2006).

71. Zhang, X. et al. A rational approach of early humane endpoint determination in a murine model for cholestasis. Altex 37(2),
197-207. https://doi.org/10.14573/altex. 1909111 (2020).

72. Karim, M. E. & Taylor, W. Steroid metabolism in the cat Biliary and urinary excretion of metabolites of (4-14C) oestradiol. Biochem.
J.117(2), 267-270 (1970).

73. Kumstel, S. et al. Grading animal distress and side effects of therapies. Ann. N. Y. Acad. Sci. 1473, 20-34. https://doi.org/10.1111/
nyas.14338 (2020).

74. Liberati, A. et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care
interventions: explanation and elaboration. PLoS Med. 6, €1000100. https://doi.org/10.1371/journal.pmed.1000100 (2009).

Acknowledgements

This study was supported by the Deutsche Forschungsgemeinschaft (DFG research group FOR 2591, Project
Numbers: 321137804, ZE 712/1-1, VO 450/15-1; TH903/22-1). The authors are grateful for the perfect technical
assistance from Berit Blendow and Edith Klobetz-Rassam.

Author contributions

D.Z., T.T and B.V acquired the funding. D.Z., T.T, S.K, H.J and B.V developed the study concept. H.], S.K, A.A,
G.T, KX, N.E, EW, R.P, N.S, D.Z performed the experiments, S.K, H.], D.Z, T.T, analyzed the data. S.K, H.J, T.T
and D.Z wrote the manuscript. All authors approved the final version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
TT has filed and licensed patents in the field of non-coding RNAs. TT is founder and shareholder of a clinical-
stage biotech company Cardior Pharmaceuticals GmbH. All other authors declare no competing interests.

Scientific Reports|  (2020) 10:16931 | https://doi.org/10.1038/s41598-020-73972-7 natureresearch


https://doi.org/10.1016/j.expneurol.2016.06.025
https://doi.org/10.1002/hipo.22123
https://doi.org/10.1016/j.neuropharm.2018.10.020
https://doi.org/10.1007/s10571-017-0515-z
https://doi.org/10.1016/j.immuni.2009.09.019
https://doi.org/10.1016/j.neuroscience.2019.03.027
https://doi.org/10.1016/j.neuroscience.2019.03.027
https://doi.org/10.1002/cne.23842
https://doi.org/10.1038/s41598-018-37054-z
https://doi.org/10.1002/ejp.854
https://doi.org/10.1016/j.fob.2015.08.010
https://doi.org/10.1530/JOE-18-0287
https://doi.org/10.1016/j.molmet.2019.01.004
https://doi.org/10.1007/s00125-012-2479-3
https://doi.org/10.1177/1535370214527890
https://doi.org/10.1093/carcin/bgr105
https://doi.org/10.1177/1533033818824314
https://doi.org/10.3892/ijo.2018.4616
https://doi.org/10.1016/j.bbrc.2011.02.065
https://doi.org/10.3390/ijms19041206
https://doi.org/10.3390/ijms19041206
https://doi.org/10.1016/j.pbiomolbio.2017.09.019
https://doi.org/10.1016/j.gene.2019.144035
https://doi.org/10.1136/gutjnl-2016-312869
https://doi.org/10.1124/dmd.113.052126
https://doi.org/10.1186/s41065-020-00136-y
https://www.gesetze-im-internet.de/tierschg/BJNR012770972.html
https://www.gesetze-im-internet.de/tierschg/BJNR012770972.html
https://doi.org/10.14573/altex.1909111
https://doi.org/10.1111/nyas.14338
https://doi.org/10.1111/nyas.14338
https://doi.org/10.1371/journal.pmed.1000100

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73972-7.

Correspondence and requests for materials should be addressed to S.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:16931 | https://doi.org/10.1038/s41598-020-73972-7 natureresearch


https://doi.org/10.1038/s41598-020-73972-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MicroRNAs as systemic biomarkers to assess distress in animal models for gastrointestinal diseases
	Results
	Distress assessment during gastrointestinal diseases. 

	Discussion
	Methods
	Ethical statement and animals. 
	Induction of gastrointestinal diseases and treatments. 
	Distress assessment. 
	Blood and tissue sampling. 
	Analysis of miRNAs. 
	Data analysis. 

	References
	Acknowledgements


