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Unravelling pain in Gottingen
Minipigs undergoing
experimentally induced closed-
chest myocardial infarction: a
prospective cohort study
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The pain associated with experimental myocardial infarction in pigs has never been investigated. We
aimed at assessing pain and its correlation with myocardial damage. Twenty-four Gottingen minipigs
undergoing closed chest myocardial infarction followed by coronary reperfusion under general
balanced anaesthesia were included in the trial. Pain was assessed through mechanical and thermal
thresholds, sensitivity to Von Frey filaments and behavioural indicators before (Pre MI), the day after
(Post MI) and at the study endpoint (Post MI-endpoint). Over time differences in mechanical thresholds
(MT) and thermal thresholds (TT) were assessed using one-sample t-test and their correlations with
troponin I/cytokines using logistic regression. In four minipigs at Post Ml acute pain requiring analgesia
was identified. Pain thresholds decreased significantly at Post MI (MT: 51 [35.6; 74] TT: 44.8 [42.7;
48.7]) and Post MI-endpoint (MT: 47.5 [35; 64.3]; TT: 44.3 [43.1; 48.6]) compared to Pre M| (MT: 72
[53.4; 84], TT: 46.3 [43.8; 53.8]). The response to von Frey filaments remained sporadic. Troponin |
highly increased at Post MI, but no correlations with pain thresholds were found. Following balanced
anaesthesia, acute pain had low incidence and mild to moderate intensity. Somatic hyperalgesia
remained until the study endpoint, but its relevance remains to be unravelled.

Keywords Pain, Cardiovascular disease, Biomedical research, Swine, Quantitative sensory testing,
Behaviours

Acute myocardial infarction (MI) is a life-threatening condition characterised by myocardial cell death in
response to myocardial ischaemia due to coronary occlusion or significant stenosis which causes more than 6
million deaths worldwide annually'. If not causing sudden death, MI can lead to heart failure®, which in turn
is associated with significant decline in quality of life (4) and tremendous impact on healthcare system . The
current best therapeutic choice for patients suffering of myocardial infarction is the percutaneous coronary
intervention (PCI)°. Despite allowing revascularisation of the coronary arteries, this technique does not prevent
the development of fibrosis and chronic heart failure®. Therefore, therapeutic solutions to reduce the long-term
consequences of MI are still highly required and necessitate preclinical studies on animal models’.

Pain is a typical and frequent complaint in patients suffering from acute MI. Pain localisation, duration and
intensity may differ among individuals and evidences indicate an important role played by gender and patients’
stress and personality®-!l. The most common presentation is the angina pectoris, described as a pressure or
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burning sensation perceived at the level of the chest. Typically, pain also refers to shoulders, forearms, neck, jaw
and the epigastric region'?. Myocardial infarction can also occur in absence of pain; in this case, it is defined as
silent myocardial infarction'®. After percutaneous coronary intervention (PCI) chest pain has been observed in
patients within 24 h after the intervention'#!> and persistent pain one year after the occurrence of the disease
has also been reported*®.

Due to their anatomical and physiological similarity to humans, pigs and minipigs are frequently used as
translational models for investigating therapeutic strategies against MI and its consequences!’"! . For the same
reason, they have been proposed as valuable alternative to rodents in pain research? . Nevertheless, investigations
on pain experienced by pigs and minipigs undergoing experimentally induced MI are lacking?!, undoubtedly
raising an important ethical issue. Furthermore, since animals are not aware of the disease’s severity, data might
also help to understand pain mechanisms in humans, cleansed by the influence of catastrophising.

Quantitative sensory testing (QST) assess the somatosensory function of the pain pathway?? and help
objectivizing alterations in pain perception in response to afferent stimuli (e.g., hyperalgesia, allodynia), in
humans® and veterinary species®*~?°. While only few studies have investigated QST in humans suffering from
MI330-32 none have yet examined its use in animals enrolled in cardiovascular research.

Behavioural evaluation as a way of assessing pain is gaining importance in veterinary medicine®*-3°. The
UNESP-Botucatu scale has been recently validated for husbandry procedures in piglets*®>” but no scale has been
proposed nor validated in adult minipigs undergoing experimental procedures.

Cytokines such as Tumour Necrosis Factor Alpha (TNFa), Interleukin 6 and 1 Beta (IL6 and ILI1p,
respectively) have been proposed as potential biomarkers for acute pain in calves and humans*-*3, but their
role is still not fully elucidated*>**. The same cytokines increase in patients following MI*, due to occurrence
of ischaemia/reperfusion injury and consequent inflammatory reaction and oxidative stress*>*¢. Whether they
could represent a biomarker of pain after myocardial infarction in minipigs is unknown.

The overarching aim of this study was to unravel pain in Géttingen Minipigs undergoing experimentally
induced closed-chest MI. Specifically, we aimed at: 1) assessing the variations of QST thresholds (mechanical,
thermal and Von Frey) and behaviours associated with pain in the immediate post operative period (Post MI)
and before the study endpoint (42 + 3 days, Post MI-endpoint) compared to values recorded before the procedure
(Pre MI); 2) correlating QST variation between days with behaviours associated with pain, cardiac troponin I
(reflecting myocardial damage) and cytokines (reflecting inflammation).

We hypothesized that 1) QST thresholds would decrease following MI induction and will correlate with
increased frequency of behaviours associated with pain; 2) no correlations would be found between QST and the
severity of myocardial damage/inflammation.

Results

Twenty-four animals (age: 15.5 + 2 months, body weight: 30.4 £4.4), 11 females (age: 14 + 3 months, body weight:
29.2+4.5 kg) and 13 males (age: 16+ 1 months, body weight: 31.5+4 kg) completed data collection and were
included in the statistical analysis.

Three minipigs (2 males and 1 female) were excluded as they did not survive the coronary ischaemia.

In four animals, it was not possible to withdraw blood from the port-catheter at Post MI-endpoint (day
35+2), but arterial blood was withdrawn from a catheter placed in the coccygeal artery at the study endpoint
(day 42 +3). In an animal the port-catheter was not implanted, and only arterial blood was collected (at Pre MI:
in general anaesthesia, after arterial catheterisation before the procedure; at Post MI: from the arterial catheter
positioned the day before; at Post MI-endpoint: after induction of terminal general anaesthesia, day 42 + 3).

Only descriptive analysis was performed for the Von Frey data, due to the paucity of obtained responses. Raw
results for each day and minipig are reported in the supplementary materials (supplementary file S1).

Mechanical and thermal thresholds
Median and interquartile range (IQR) [25%; 75™] of mechanical thresholds (MT) and thermal thresholds (TT)
for each day were:

o Whole sample:

Pre MI > MT: 72 [53.4; 84]; TT: 46.3 [43.8; 53.8]
Post MI > MT: 51 [35.6; 74]; TT: 44.8 [42.7; 48.7]
Post MI-endpoint > MT: 47.5 [35; 64.3]; TT: 44.3 [43.1; 48.6]

« Females:

Pre MI > MT: 71.3 [44.8; 91.6]; TT: 45.8 [43.3; 50.5]
Post MI > MT: 43.8 [30; 66.6]; TT: 43.8 [42.3; 46.6]
Post MI-endpoint > MT: 43.3 [32.4; 73.1]; TT: 44.7 [42.9; 49.8].

o Males:

Pre MI > MT: 73 [54.9; 81.3]; TT: 47.2 [44.9; 56]

Post MI > MT: 59 [44.3; 79]; TT: 46 [43.5; 54.8]

Post MI-endpoint » MT: 52.8 [39.3; 63.5]; TT: 44.3 [43.1; 48.3].

Density plots of MT and TT recorded for each day, for the whole sample are reported in Figs. 1 and 2.

Box plots of MT and TT recorded for each minipig (with indication of sex) and day are reported in
supplementary file S2 (Supplementary Figs S1-S7).
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Fig. 1. Density plot showing mechanical thresholds modifications for each day (Pre MI, Post MI and Post MI-
endpoint), in 24 minipigs, for all sites (total = 144 measurements). X-axis: Newton (0-101); y-axis: days.
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Fig. 2. Density plot showing thermal thresholds modifications for each day (Pre MI, Post MI and Post MI-
endpoint), in 24 minipigs, for all sites (total = 144 measurements). X-axis: degrees Celsius (20-56); y-axis: days.

e Pre MI versus Post MI

A statistically significant decrease of MT and TT was found in the whole sample (p=0.0014 and p=0.028,
respectively) when considering the median of paired differences. Mechanical thresholds showed a larger effect
size compared to TT (d=-0.74 and d=-0.48, respectively). When sex was considered, females showed a
statistically significant difference in MT (p=0.0098, d=-0.96) and TT (p=0.046, d=-0.69). On the contrary,
males showed no differences in both MT (p=0.068, d=-0.56) and TT (p=0.32, d=-0.29). After correcting
for multiple testing, a statistically significant decrease was found only for MT in the whole sample (p=0.008),
and in females (p=0.02) as measured by the median of site-paired differences. Further details are reported in
supplementary file S3.
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Site | Pre MI | Post MI Post MI- endpoint
Mechanical thresholds

LF | 81[60.4;98.3] 58.3 [38.4;90.8] | 60.8 [37.6;91]
RE | 75(58.1:95.5] |61.8[37.9;80.3] | 52.8 [34.3; 75.3]
LC |61.3[42.3;81] 49.8 [41.6; 64.9] | 46.3 [39.4; 56.9]
RC | 70 [58.6; 79.1] 53 [41.5; 65.5] 56 [43.8; 66]
LN | 67.3 [44.4;81] |44[26.6;73.8] | 39 [33.6;60.9]
RN | 73.8 [50.1;84.4] | 46.5[31.4; 73.6] | 39.5 [34; 52.5]
Thermal thresholds

LF | 46.3[45.1;53.8] | 45.6 [72.8;56] | 43.9 [43;51.8]
RF | 45.8 [43.3;50.8] | 46.4 [43.2; 54.7] | 45.3 [44; 50.1]
LC | 45.9[44.5;53.9] | 43.2 [43;46.2] 43.6 [43;46.2]
RC | 46.3 [41.5;50.2] | 44.6 [43.5;49.9] | 43.8 [42.5; 47.5]
LN | 45.9 [42.9;54.3] | 44 [41.5; 48] 44.4 [42.8; 47.5)
RN |51.7[45.8;56] |45[43.8;48.7) |44.9 [43.4;509]

Table 1. Mechanical and thermal thresholds recorded in all minipigs (n=24) for each day (Pre MI, Post MI
and Post MI-endpoint) and site. Results are reported as median and interquartile range [25%; 75%]. LF: left
forearm; RF: right forearm; LC: left chest; RC: right chest; LN: left neck; RN: right neck.

Agitation at Response to touch (neck,
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Lying guarding one part of . Vocalisation without a Reduged h Mild refspon;le : thedamm;ill (11(')0ks
1 | Salivation the body/moves without Tremors/ spasms in purpose/ unmotivated appetite, eat Moves away when uncomfortable and worried;
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2 Move often/ poor wake Generalised tremors/ J appetite Biting and aggressive | Severe response: escape
times spasms independently of | when approached reaction
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3|1 the box " No appetite disinterested "

Table 2. Behavioural items recorded after the end of the procedure (Post MI). The score was obtained at
multiple evaluations, starting from extubation until 12 h after sternal recumbency. ** items not assessed at
extubation and sternal recumbency; * items not assessed at extubation.

o Pre MI versus Post MI- endpoint

A statistically significant decrease in MT and TT was found in the whole sample (p<0.001 and p=0.025,
respectively). Also in this case, a larger effect size was present for MT compared to TT (d=0.93 and d=0.49,
respectively). When sex was considered, females showed a statistically significant decrease in MT (p=0.025,
d=0.79) but not in TT (p=0.63, d=0.15). On the contrary, males showed a statistically significant decrease in
both MT (p=0.0017, d=1) and TT (p=0.0030, d=1). These results remain valid after correcting for multiple
testing. Further details are reported in supplementary file S4.

« Post MI versus Post MI- endpoint

No differences in MT and TT were found in the whole sample (p=0.43, d=0.16 and p=0.75, d=0.06,
respectively). When sex was considered, females did not show any differences both in MT (p=0.6, d=-0.12)
and TT (p=0.26, d=-0.3). On the contrary, males showed a statistically significant decrease in TT (p=0.0041,
d=0.98) but not in MT (p=0.12, d=0.45). These results remain valid after correcting for multiple testing.
Further details are reported in supplementary file S5.

Mechanical and thermal thresholds recorded for each site and day are reported in Table 1.

Results of the comparison between days for each site, both for the whole samples and for each sex, are
reported in supplementary file S6.

« Pain scale assessment

Details on behavioural items used to assess pain are reported in Table 2 (Post MI) and Table 3 (Post MI-endpoint).
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Aggression with Agitation at human Response to touch (neck,
Appearance | Lying and restlessness | Food interest comates Isolation approach Desynchronization | head, thorax and forelimbs)
Normal Look Curious, interactive, | Synchronized with
0 Normal lying Normal appetite | Friendly actively for e i No response
appearance : . may vocalise mates
interactions
Lying euardinge one Not Mild response: the animal
ying § & Reduced appetite, . looks uncomfortable and
" part of the body/ - interested | Moves away when L .
1 | Salivation . eat special/ tasty | Moves away . 1 worried; retraction of the
moves without external in approached ;
. . food . . interested body part can be
stimulation interactions
present
Reduced appetite Biting and
Move often/ poor wake | . aggressive when Biting and aggressive | Desynchronized Severe response: escape
2|/ : independently of 11 . .
times approached by when approached with mates reaction
the food
other mates
. - No aggressions . .
3|y Continuous pacing in | 1 appetite becauee of / Stay immobile and / /
the box . " disinterested
immobility

Table 3.

Behavioural items recorded before the study endpoint (Post MI- endpoint). The score was recorded
in a single evaluation 42 + 3 days after myocardial infarction induction.

Parameter Score | Percentage (%)
Appearance 0 100
1 0
Lying and restlessness 0 45.83
1 16.67
2 29.17
3 8.33
Tremors and spasms 0 45.83
1 4.17
2 50
Vocalisation 0 79.17
1 20.38
Food interest 0 45.83
1 4.17
2 4.17
3 45.83
Agitation at human approach | 0 75
1 25
Response to touch 0 83.33
1 16.67

Table 4. Behavioural items included in the pain score showed by all minipigs at Post MI. Number of animals
reported as percentage (%).

Four animals (three males and one female) showed signs of acute pain and required rescue analgesia
(maximum score of 8 for the males and 9 for the female) at Post MI. Pain peak occurred three hours after sternal
recumbency (two males and one female) and one hour after sternal recumbency (one male). The four minipigs
responded to the administration of rescue analgesia (morphine 0.2 mg/kg IM) and no further treatment was

needed.

In these four animals, abnormalities of the following behaviours were recorded:

o Lying and restlessness: 4/4 minipigs

o Tremors and Spasms: 4/4 minipigs
« Vocalisation: 3/4 minipigs

« Food interest: 4/4 minipigs

« Agitation at human approach: 2/4 minipigs
 Response to touch: 1/4 minipig

Percentage of animals (whole sample, n=24) showing or not showing the behavioural items considered at Post
MI (independently from reaching the cut-off score for rescue analgesia administration) are reported in Table 4.

Scientific Reports |

(2025) 15:36934

| https://doi.org/10.1038/s41598-025-20920-y

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In none of them, physiological parameters were modified. In two cases, invasive blood pressure was not
recorded due to non-functional arterial catheter. Only one animal had a score of 1 for an increase of heart rate
above 20% of its baseline.

The following correlations between MT and TT with behavioural items showed statistical significance:

o The decrease in TT from Post MI to Pre MI was associated with a lower likelihood of “Lying and restlessness”
(OR=0.52, p=0.03) in females.

o The decrease in TT from Post MI to Post MI-endpoint and Pre MI to Post MI-endpoint was associated with
a lower likelihood of losing appetite (parameter “Food interest”) (OR=0.69, p=0.039, OR=0.74, p=0.04,
respectively)

o The decrease in TT from Pre MI to Post MI- endpoint is associated with a higher likelihood of tremors/
spasms (OR=1.38, p=0.048).

After correcting for multiple testing, all the correlations lost statistically significance. Details are reported in
supplementary file S7.
No animals showed abnormalities of the behavioural items at Post MI endpoint.

Cardiac biomarker and cytokines
Values of cardiac Troponin I (¢Tn-I), Tumour Necrosis Factor Alpha (TNFa), interleukin 6 (IL6) and interleukin
1 beta (IL1p) are reported in supplementary file S8.

In two animals (one at Pre MI and one at Post MI-endpoint) cTn-I was not quantified due to error in the
analysis of the sample. Cardiac Tn-I significantly increased at Post MI compared to Pre MI (p<0.001) and
decreased at Post MI-endpoint compared to Post MI (p <0.001) for both the whole sample (p<0.001) and for
both females (p <0.001) and males (p <0.001) (Fig. 3).

The IL1P decreased significantly at Post MI compared to Pre MI (p <0.001) for the whole sample. When sex
was considered, females did not show any statistically significant difference (p=0.5). On the contrary, males
showed a statistically significant decrease at Post MI compared to Pre MI (p <0.001) and to Post MI-endpoint
(p<0.001).

No differences were found for both TNFa and IL6, both in the whole sample (p=0.22 and p=0.47,
respectively) and when females (p =0.94 and p = 0.28, respectively) and males (p=0.67 and p=0.78, respectively)
were analysed separately.

Weak positive correlation between IL6 and TT at Pre MI (rho=0.46, p=0.025) and IL1f and TT at Pre MI
(rho=0.61, p=0.028) were found. No other statistically significant correlations were present. Moreover, after
correcting for multiple testing, all the correlations lost statistical significance. Further information is present in
supplementary file S9.

o Physiological Parameters
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Fig. 3. Box plots showing modifications in Troponin I detected at different days (Pre MI, Post MI and Post
MI-endpoint) for the whole samples (n=24) (A) and for each sex (11 females, 13 males) (B) (f: females, m:
males) pg/ml: picograms/milliliter * Statistically significant difference compared to Pre MI; ** Statistically
significant difference compared to Post MI.
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Descriptive statistics for heart rate and respiratory rate is reported in supplementary file S10 (Supplementary
table S10 and Supplementary fig S10).

Heart rate showed a statistically significant decrease at Post MI compared to Pre MI in the whole sample
(p=0.0046) and in females (p=0.0038). On the contrary, no differences in heart rate were found in males only
(p=0.33). Respiratory rate increased (p=0.005) at Post MI-endpoint compared to Post MI in the whole sample
(p=0.0058). When females were analysed separately, a statistically significant decrease at Post MI compared to
Pre MJ, and a statistically significant increase at Post MI endpoint compared to Post MI (p=0.001) was found.
No differences were found in males (p=0.54).

o Feasibility scores

No animals had to be excluded from the QST due to lack of feasibility.

No differences were found at each day, both in the whole sample (MT: p=0.39, TT p=0.43) and when females
and males were analysed separately (MT: females p=0.76, males p=0.61; TT: females p=1, males p=0.29).
Histograms showing distribution of the feasibility score over days are presented in the Supplementary file S11
(Supplementary figs S8-S12). No correlations between feasibility score and median of MT and TT were found.
Details are reported in supplementary file S12.

Discussion

In the present study four minipigs (17%) showed moderate acute pain that required analgesia, while twenty
minipigs (83%) showed no to mild acute pain. No minipigs showed behaviour alterations on the longer term and
at the study endpoint. Mechanical and thermal thresholds decreased at Post MI and Post MI-endpoint. However,
this decrease did not correlate with behavioural alterations leaving the door open to different interpretations
of the recorded data. Sporadic and sparse responses to Von Frey were obtained in this study at Post MI and
Post MI-endpoint, suggesting that no allodynia developed in minipigs following MI. Troponin I showed a
large increase at Post MI, confirming myocardial damage, the degree of which did not correlate with the QST
modifications recorded on the same day. Cytokines tended to decrease after myocardial infarction, and their
plasma concentration did not correlate with QST.

The Swiss Commission for Ethics in Animal Experiments allocates models of myocardial infarction in
the group of experiments with the highest prospective severity degree, which implies medium to long-term
moderate or severe pain, suffering, injury, fear or severe impairment of the general health status of the animals.
Our findings suggest that it is possible to refine this model and limit the duration and the intensity of pain.
We think that the balanced anaesthesia protocol, the individualised acute pain treatment and the minimally
invasive interventional procedure to create the infarction are pivotal to achieve this goal. Humans experiencing
spontaneous MI reported chest pain in the following 24 h following PCI and can develop chronic pain®’3 .
Minipigs underwent MI and reperfusion under controlled conditions and in general anaesthesia. Although
chronic pain can occur despite the use of balanced anaesthesia and analgesia, due to many subjective and
environmental related factors*’, pain linked to ischaemia-reperfusion injuries is typically inflammatory. Indeed
stopping and restarting vascularisation in the heart is known to cause nociception and pain due to the release
of pro-inflammatory mediators’. Evidences suggested that proinflammatory cytokines, such as TNFa, IL6 and
IL1B, can be used as potential pain biomarkers***2°152 and that TNFa and IL1 can enhance pain transmission
signals by lowering the activation threshold of nociceptors®>>4,

Troponin I increased significantly at Post MI compared to Pre MI and then returned at baseline concentration
at the study endpoint. Its increase is indicative of presence of myocardial damage and successful MI induction,
despite reperfusion was carried out. This is in line with previous literature: in humans, troponin I can be still
elevated after successful PCI'>!%, and in pigs the same applied after left anterior descending (LAD) coronary
artery ischaemia and reperfusion. As hypothesised, troponin changes did not correlate with modification of MT
and TT and with any behaviours associated with pain, aligning with human findings that more extensive cardiac
damage does not reflect more severe pain® . Mechanical and thermal thresholds decreased at Post MI and Post
MI-endpoint compared to Pre MI. This might be interpreted as modification of pain perception and described
as somatic hyperalgesia deriving from visceral pain.

Pain arising from the heart following an ischaemic event is classified as visceral pain, which refer to somatic
areas (referred pain)!2. Referred pain is explained by the convergence projection theory: somatic and cardiac
afferents converge into the same tract of the spinal cord (lamina I), making them indistinguishable by higher
centres®®. In humans, referred pain due to MI is mainly reported at the level of the chest, forearm, neck and
epigastric region'?, which in some patients can last up one year after the occurrence of the ischaemic event
and the resolutive PCI'. In rats following experimentally induced MI, referred somatic hypersensitivity was
observed in left chest, forelimb, and upper back, and was shown to be present also at 28 days post insult®”. In
our case, a decrease of mechanical thresholds was detected until Post MI-endpoint (day 42+ 3). In the present
study, no correlation was found between the decrease in QST thresholds and the occurrence of behaviours
associated with pain. Therefore, we remain conscious in interpreting this finding. In human medicine, it has
been reported that patients experiencing pain due to MI showed lower thermal thresholds than subjects having
a silent MI (no pain). While QST are used to assess hyperalgesia, i.e., an enhanced pain response to a stimulus
that typically provokes pain®®, behavioural aspects are mainly used to evaluate pain. Pain is indeed a complex,
multidimensional experience, encompassing both sensory and emotional-cognitive components?!. The
evaluation of both components is essential for a comprehensive evaluation of pain**°. Assessing mechanical
and thermal thresholds in animals remains challenging due to their nonverbal nature. While the assessment
in humans can rely on the patients’ communication, in animals it must rely on evoked behavioural responses
to stimuli. This poses the challenge to distinguish between genuine aversion to stimulation, and reactions to
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discomfort or nuisance. To enhance the likelihood of collecting reliable data, we developed a feasibility score,
based on our previous experience in minipigs®. The score served two purposes: (1) to exclude animals that
exhibited uncooperating behaviour, preventing a correct thresholds interpretation during the procedure, and
(2) to evaluate whether the level of feasibility influenced per se the thresholds. No animals were excluded, and
no correlation was found between thresholds and feasibility scores, suggesting that our measurements detected
the effect of the disease rather than variations in animals’ cooperation. However, the absence of a control group
prevents us from a definitive statement about the value of these findings.

Mechanical and thermal thresholds did not exhibit the same extent of decrease at Post MI-endpoint. A
possible explanation for this discrepancy is the type of stimulus used. Whether thermal stimuli could detect
a deep somatic pain has been previously questioned®'. Furthermore, although in different environmental
conditions, thermal thresholds showed a poor reliability in minipigs®®. Whether the heat stimulus is able to
reach cutaneous nociceptors has also been questioned in horses?”. Although minipigs and pigs’ skin has been
shown to resemble human skin®?, differences in the amount of subcutaneous fat layer and skin thickness exist®.
Thus, it remains unclear whether the temperature recorded at the level of the skin surface accurately reflects
the temperature that reaches the cutaneous thermal nociceptors. Our device has an upper limit temperature of
55 °C which has been previously set to avoid burning of the skin. It is unclear whether this cut-off could have
influenced our results. Moreover, contact heat pain delivered at slow rate, as done in the present study, has been
shown to induce prevalently C fibers activation®. Use of thermal stimuli of different nature, such as CO, laser
might have led to different results due to its ability to prevalently activate AS fibers®.

Physiological parameters (heart rate, respiratory rate and invasive blood pressure) did not contribute to any
increase in pain scores, in none of the days. The assessment of heart rate and blood pressure variations to detect
pain and nociception is still widely used both in awake and anaesthetised pigs®®”. In a context like MI induction,
however, we should question their utility considering that modifications of heart rate and arterial blood pressure
are most likely brought about by the condition per se and not by pain. In the present study, heart rate recorded
during QST assessment (15-20 h after sternal recumbency), showed a statistically significant decrease compared
to Pre MI. Sinus bradycardia is a common finding in humans experiencing MI and tends to resolve in 24 h®.

In the present study, a sub analysis to look at sex-related differences was performed. While females drove the
results toward a decrease in M T at Post M1, males drove the results of both MT and TT toward a decrease at Post
MI-endpoint. We might suggest that males might be more prone to development of long-lasting hypersensitivity
than females. Sex-related differences are well known in the field of pain and cardiovascular diseases®*’® and
oestrogen role in modulating pain sensitivity has also been demonstrated’”2. However, based on the current
literature, it is hard to give an explanation on the results of this study”!-”>. A sex bias in studies involving animals
has been reported, in several species: male subjects have mainly been used in the past, and only recently attention
to the topic has been raised®’*. Further investigations should be conducted to explore the influence of sex on
nociception, hyperalgesia and pain in animal species.

This study has some limitations that must be acknowledged. 1) Blood samples for determination of troponin
I were collected ten days before the study endpoint. However, since no clinical changes were found in any animal,
and signs of heart insufficiency were not detected, we consider unlikely that any clinically relevant modification
in troponin I levels occurred at the study endpoint. 2) We opted for a purpose-built score based on modifications
in physiological variables and behavioural items previously correlated with pain. Our rationale was that minipigs
enrolled in the present trial were adult animals differently from the previous studies and the only validated scale
for the species targeted a husbandry procedure (i.e., castration in piglets)**’. The cut-off for pain treatment
was not validated. 3) All the minipigs enrolled in these trials underwent MI induction, and no control group
was present. This limitation is intrinsic in the study design. 4) No power calculation was performed a priori
for the present trial, since it was done for the preclinical study. 5) Quantitative sensory testing and pain score
were conducted no later than 42 +3 days after MI induction. This time point was the last available before the
termination of the preclinical study in which the minipigs were enrolled. We cannot provide any data on
modifications of QST or pain development in a longer period, which precludes us to give answers regarding the
evolution of local hyperalgesia.

Conclusions and outlook

Cardiovascular models, such as MI, are deemed to impose a severe burden on the animals. Our results underline
that model refinement significantly contributes to limiting pain and suffering. Prompt and individualised
treatment of acute pain prevented the development of sub-acute pain. It is possible that myocardial infarction
leads to somatic hyperalgesia; however, the pain thresholds do not correlate with either behavioural signs of
pain or the severity of the infarction. Further studies on specific behavioural scales for Géttingen minipigs are
warranted, and the scale developed for our trial could serve as a basis. Investigating pain in experimental models
remains challenging due to the non-verbal nature of the animals, but it can provide critical insights into pain
pathophysiology, which are essential for scientific advancements in both human and veterinary medicine.

Materials and methods

Animals

Twenty-seven Gottingen Minipigs, 12 females and 15 males, aged 15.6 2.5 months and weighing 30.4+4 kg
were enrolled in the study. All the minipigs of this study were purchased from their official breeder (Ellegaard
Gottingen Minipigs, Dalmose, Denmark) for a preclinical study investigating the effect of an antifibrotic therapy
following MI. The animals were transported to Switzerland, where they were hosted in groups of six to ten in
an 18 m? pen with a 50 m? outdoor area located on a farm. Water was available ad libitum, and food (Minipigs
Maintenance Standard, Kliba Nafag, Switzerland) was provided twice per day (800 g/minipig/day). Enrichment
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was guaranteed with straw and toys (hanging ropes and balls). At least two weeks of acclimatisation were allowed
before starting the trial. During this time, the animals were accustomed to the environment, the presence of
researchers and caretakers, handling and manipulations, positioning in the sling and clinical examinations,
and they learned simple tasks as moving onto a scale for body weight measurement and approaching humans
without fear. Special food was offered as reward (apple juice or mousse). Physiological and behavioural
evaluations were carried out at least three time per week before the beginning of the trial. Further details on
housing conditions have been previously published® and details on the score used to assess their wellbeing is
reported in supplementary file S13.

At least 24 h before MI induction, minipigs were transported in groups of two from the hosting farm to the
Experimental Surgery Facility (ESF) of the University of Bern. There, they were hosted together in the large
animal intensive care unit in a box (length: 2.07 x width: 1.68 x height: 2.50 square meters) until MI induction.

After the procedure, the animals were hosted into two different boxes as still instrumented with arterial
catheter and port-catheter needle/venous access; however, they could keep auditory and visual contact with the
co-mate (barrier between the two stables is provided with holes). All the minipigs were kept under veterinary
observation for at least 15 h after reaching sternal recumbency during anaesthesia recovery, and they were
moved back to the farm only when deemed pain free and clinically stable.

Following MI induction, minipigs were kept at the farm until the study endpoint (day 42+ 3 after MI).
Veterinary check (including evaluation of both behavioural and physiological parameters) was performed daily
from post-operative (PO) day 1 to PO day 7, and from PO day 8 to PO day 42 + 3 at least three times per week.
In particular, the animals were checked for pain and any other secondary pathological signs such as diarrhoea,
nausea, vomiting or signs of heart insufficiency. Meloxicam (Metacam, Boehringer Ingelheim Schweiz GmbH)
0.4 mg/kg (once daily) and Esomeprazole (Nexium 40 mg, Griinenthal Pharma AG, Switzerland) 1 mg/kg (twice
daily) were administered orally from PO day 1 to PO day 3. If pain was detected according to a purpose-built
pain scale (Table 3 and supplementary file S14), rescue analgesia was administered. Body weight was checked
daily until PO day 3, and then once per week until the study endpoint.

On the day of euthanasia (study endpoint, PO day 42 + 3), the minipigs were transported from the farm to
the ESF where they were anesthetised for undergoing cardiac magnetic resonance imaging (MRI)”. Following
preanesthetic clinical examination and sedation, they were transported to the TIC-SITEM of the University of
Bern, where preparation for general anaesthesia was completed and the scan was carried out. At the end of the
procedure, minipigs were euthanized under general anaesthesia with an intravenous overdose of pentobarbital
(100 mg/kg).

The study was designed as a prospective cohort study. It was reviewed and approved by the Committee
for Animal Experiments of the Canton of Bern, Switzerland (national number: 33492) and all methods were
performed in accordance with the relevant guidelines and regulations. In particular, for reporting methods and
results, the ARRIVE guidelines were strictly followed”®.

Course of the experiment
All the data were recorded at the Large Animal Intensive Care Unit of the ESFE, University of Bern.

The study was carried out between September 2022 and December 2023.

Quantitative sensory testing data and physiological parameters (heart rate, respiratory rate) were collected
at three days:

1) Pre MI: the day before MI induction
2) Post MI: 15-20 h after sternal recumbency (SR)
3) Post MI- endpoint: study endpoint (PO day 42 + 3)

Pain scores were performed postoperatively at days:

1) Post MI: multiple evaluations performed at different time points after the end of the procedure (MI induc-
tion):

« Extubation

« Sternal recumbency (SR)
o 15 min after SR

o 1hafter SR

o 3hafter SR

o 6hafter SR

o 9hafter SR

e 12 h after SR

2) Post MI- endpoint: single evaluation performed at the study endpoint (PO day 42 £ 3).
Blood samples for troponin I and cytokines were collected at days:
1) Pre MI: early in the morning on day of MI induction, before any manipulation

2) Post MI: the morning after MI induction, 13-18 h after SR
3) Post MI- endpoint: around one week before the study endpoint (PO day 35+2)
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Quantitative sensory testing and physiological parameters assessment

Quantitative sensory testing was carried out at the ESF where conditions of temperature (22° C) and humidity
(40-60%) were maintained stable. Minipigs were placed in a sling, to which they were accustomed and, to reduce
stress, auditory and olfactory contact with a co-mate was guaranteed. Recording of QST thresholds was always
performed in animals recently fed to increase cooperation.

At the beginning of each session (Pre MI, Post MI and Post MI- endpoint) physiological parameters, namely
heart rate and respiratory rate were recorded.

Development of allodynia was then assessed using von Frey filaments (ranging from 1 to 300 g/cm?).

Afterwards, mechanical and thermal thresholds (MT and TT, respectively) were tested, and their order was
assigned based on a randomisation into blocks (www.randomization.com).

The exact methodologies applied for MT, TT and von Frey has been previously described®. Briefly, TT were
determined using a custom-made thermal stimulator with a 1 cm? contact area probe (cut-off stimulation 55
degrees Celsius (°C), start stimulation probe temperature: 20° C). Mechanical thresholds were determined with
a handheld mechanical algometer (FPN 100-Algometer, Wagner Instruments, Greenwich, Connecticut, USA)
equipped with a 1 cm? rubber tip. However, in this trial, based on results from our previous trial®® the cut-off for
mechanical thresholds was set at 100 Newton (equivalent to 1000 Kilopascals).

Thresholds to mechanical (algometer and Von Frey) and thermal stimulations were defined at the value
measured when the animals showed the following evoked behavioural responses:

- withdrawal of the tested area (e.g. limb lifted)

- vocalisation and watching in the direction of the tested area

- muscle twitch at the level of the tested area with head turned in that direction

- escape reactions (rapid body movement to move away from the source of the stimulation)

2

Thresholds were recorded in body areas where pain due to MI is typically referred in humans'?, namely:

o Forearm, left and right (LF, RF)
o Chest, left and right (LC, RC)
o Neck, left and right (LN, RN)

Further details on the tested site have been previously published®.

Sites were tested in a random order; if the sites were tested twice, the same order was maintained.

Quantitative sensory testing was always carried out by the same operator (MP), who was familiar with the
animals and the technique, to reduce detection bias. Thresholds values were recorded on the on-purpose made
experimental sheet by another operator (CP, LGGC or DC) to reduce observer bias.

A feasibility score, slightly modified from a previous published version , was used to assess the cooperation
of each minipigs to both MT and TT assessment at each day for both MT and TT. Animals showing a feasibility
score of 3 were excluded from the study. Details about are reported in supplementary file S15.

At the end of the recording session, minipigs were rewarded with apple juice or mousse, and moved back
into their box.

Pain score assessment
Assessment was performed when the animals were housed individually at Post MI (at each of the abovementioned
time points) and when they were in presence of a co-mate at Post MI-endpoint. Pain scoring was performed by
MP, CP and LGGC.

Both behavioural and physiological parameters were considered.

Heart rate and respiratory rate were assessed at Post MI and Post MI- endpoint; arterial blood pressure (Post
MI only) was assessed only at Post MI. The score was allotted as follows:

Heart rate and respiratory rate (0-2):

1. Heart rate and respiratory comparable to baseline (increase <20% from baseline)

2. Moderate increase of only one parameter (either heart rate or respiratory rate), between 20 and 30% of the
normal range

3. Severe increase (more than 30%) of only one or both parameters.

Baseline were considered values recorded during the pre-anaesthetic examination.
Arterial blood pressure (0-2):

o Systolic arterial pressure (SAP) within the normal range of variation (110- 160 mmHg)
o Moderate increase of the SAP (161 <x <200 mmHg)
« Severe increase of the SAP (>200 mmHg)

Behaviours assessed at each day are reported in Tables 2 (Post MI) and 3 (Post MI- endpoint). For each item, a
score ranging from 0 to 3 was assigned. Behavioural items associated with pain included in the two scores were
based on previous publication on the topic¥7:6677:78,

The items “food interest” and “agitation at human approach” were not assessed at extubation, whereas
“appearance” and “lying and restlessness” were not assessed at extubation and SR (Post MI).

Rescue analgesia was administered in case of:

o Post MI: score >4/11 at extubation; score >4/17 at SR; score >7/21 from SR to 12 h after SR.
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o Post MI- endpoint: score >5/22 at Post MI- endpoint.

Further details on both pain scores are reported in supplementary file S16 (Post MI) and S14 (Post MI-endpoint).

Blood samples collection
Venous blood was collected from the jugular port-catheter implanted in the facility of origin. The minipigs were
positioned into the sling and the operator performed the procedure under sterile conditions. The skin overlying
the port-catheter was shaved, cleaned with Povidone-Iodine soap (Betadine soap, Provet AG, Switzerland) and
water and then disinfected with sterile wipes soaked with Povidone-Iodine and Alcohol (Betaseptic, Provet AG,
Switzerland). Once the skin was dry, a purpose made needle (20 Gauge x 25 mm, Bard Access System, Inc, USA)
was connected to a 10 ml sterile syringe (PosiFlush SP, BD, Switzerland) and the skin was punctured. A volume
of 3 ml of blood was withdrawn and discarded before blood collection. After blood collection, the catheter was
flushed with 10 ml of sodium chloride followed by 3 ml of sodium heparin (Heparin Bichsel, 100 IU/ml, Bichsel,
Switzerland) to avoid clotting.

In case of no implanted port-catheter or malfunctioning, arterial blood was collected using a 22 Gauge
arterial catheter (BD Venflon Pro Safety; BD, Switzerland) positioned on the coccygeal artery.

Troponin | and cytokines assay
Blood was collected into EDTA tubes (S-Monovette, Sarstedt AG, Germany), centrifuged (2,000 x g for 15 min
at 4 °C) and plasma was then moved in 500 pl labelled cryotubes and stored at -80 °C.

Details about the technique used for troponin I and cytokines quantification have been previously published”.
Briefly, myocardial damage marker cardiac troponin I (cTn-I) and the inflammation biomarkers were measured
using a multiplex xMAP technology (Luminex) assay according to a custom-made protocol. Fluorochrome
microbeads (Luminex) were coupled with respective capture antibodies using the Bio-Plex amine coupling kit
(Bio-Rad). Coupled beads were then incubated with pig plasma samples, followed by biotinylated detection
antibodies and Streptavidin-PE (Bio-Rad). Measurement and data analysis were performed with a Flexmap 3D
reader and the Bio-Plex Manager software version 6.1 (Bio-Rad).

Cytokines analysed for this study were TNFa, IL-1p and IL-6.

Operator in charge of blood sample analysis (AD) was blinded to results related to QST and pain scores.

Myocardial infarction induction

Anaesthesia

Minipigs were placed in a sling, a port needle was inserted in the jugular port catheter and venous blood was
collected for blood work. Thereafter, minipigs were sedated with 0.2 mg/kg morphine (Morphine HCI 2 mg/
ml, Sintetica AG) 10 mg/kg ketamine (Narketan 100 mg/ml, Vetoquinol AG) and 15 mcg/kg dexmedetomine
(Dexdomitor 0.5 mg/ml, Provet AG) mixed in the same syringe and injected intramuscularly (IM). If sedation
was deemed inadequate 15 min after injection, 0.2 mg/kg midazolam (Dormicum 50 mg/10 ml, Roche) was
injected IM.

Once sedated, minipigs were moved on a table, supplemented with oxygen through a face mask and monitored
with a pulse-oximeter. An auricular vein was cannulated and fluid administration using Ringer Lactate’s solution
was started and continued for the whole procedure at 5 ml/kg/h. Anaesthesia was inducted with ketamine 1 mg/
kg and propofol (Propofol 10 mg/ml, Fresenius Kabi, Switzerland) to effect (1-3 mg/kg), injected intravenously
(IV). Following tracheal intubation, the endotracheal tube was connected to a re-breathing system. Anaesthesia
was deepened and maintained with sevoflurane in oxygen and compressed air. End tidal sevoflurane was adjusted
to guarantee adequate depth of anaesthesia up to its MAC (2.2%)%. Spontaneous breathing was supported, or
positive pressure ventilation was initiated using a positive end expiratory pressure (PEEP) of 5 cmH,0, and
tidal volume (TV) of 8-12 mL/kg body weight, targeting a PaCO, of 40-45 mmHg, if spontaneous breathing
did not guarantee normocapnia. Amoxicillin-clavulanic acid (Clamoxyl 20, GlaxoSmithKline Pharmaceutical
s.a./n.v.) 20 mg/kg was administered IV. In the operation room, unless bradycardia was present (HR <50 bpm)
dexmedetomidine continuous rate infusion (CRI) was started at a dose range of 1-5 mcg/kg/h.

During general anaesthesia, minipigs were continuously monitored for HR, RR, SpO,, capnography, invasive
blood pressure, oesophageal temperature, inspired and expired fraction of gases (air, oxygen), central venous
pressure and electroencephalographic activity (EEG) (Sedline, Masimo Corp., CA, USA). A temperature
of (35-36° C) was targeted along the whole intervention and maintained with the help of a forced air device
(Mistral-air forced air warming system) (84). Before LAD catheterisation, amiodarone 5 mg/kg (Cordarone
50 ml/ml, Sanofi-Aventis) was administered over 1 h, and continuous rate infusion (CRI) of lidocaine 30 ug/kg/
min (Lidocaine 1%, Streuli Pharma AG) was started. A mean arterial blood pressure (MAP) of 65 mmHg was
targeted, and hypotension was treated with Dobutamine 1-5 mcg/kg/min (Dobutrex 5 mg/ml, Teva Pharma
AG) 1V titrated to effect, and calcium gluconate 0.2-0.3 mmol/kg/h (Calciumgluconat 10%, B.Braun) IV.
Noradrenaline 0.1-0.5 mcg/kg/minute (Noradrenaline 1 mg/mL, Sintetica) was administered if other inotropes
could not resolve the hypotension. Cardiovascular relevant arrhythmias were treated chemically or electrically,
according to the type of arrhythmia. In presence of nociception, rescue analgesia was provided with 3-5 mcg/kg
fentanyl bolus (Fentanyl 0.5 mg/10 mL, Sintetica) or 1 mg/kg ketamine IV. Before LAD catheterisation, activated
clotting time (ACT) was assessed and a bolus of heparin (Liquemin 5000 1.U/5 ml, Drossapharm AG) 80 1.U./
kg was administered, followed by heparin CRI. Its rate was adjusted by targeting ACT values of two-three times
its baseline value to prevent the risk of wire and sheath thrombosis. Cardiopulmonary resuscitation (CPR) was
carried out in case of sudden cardiac arrest or ventricular fibrillation, based on guidelines for small animals
(https://recoverinitiative.org/2012-guidelines); if the minipigs were unresponsive to any procedures 30 min after
starting CPR, death was declared.
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Fig. 4. Fluoroscopic image of the heart taken during the procedure. Left anterior descending coronary artery
has been occluded with a balloon catheter during the ischaemic phase. Occlusion site is indicated with the blue
arrow.

At the end of procedure, minipigs were weaned from the ventilator and transported in the recovery box
once able to breathe spontaneously. Tracheal extubation was performed when minipigs showed return of
swallowing reflex. Post-operative sedation (dexmedetomidine 0.5-3 mcg/kg/hour) and fluid therapy (Ringer
Lactate 3-5 ml/kg/h) were administered from extubation to sternal recumbency. Lidocaine CRI was continued
during the recovery in presence of cardiac arrhythmias and discontinued if sinus rhythm and blood pressure
were stable. The minipigs were monitored for HR, SpO, and invasive blood pressure through a multimodular
monitor (S/5 Critical Care Monitor; Datex-Ohmeda, GE Healthcare) until able to stand and walk. Furthermore,
minipigs received meloxicam (Metacam, Boehringer Ingelheim Schweiz GmbH) 0.4 mg/kg IV, furosemide
(Lasix 20 mg/2 ml, Sanofi-Aventis) 2.5 mg/kg IV and nitro-glycerine (Nitroglycerin 0.1 mg/ml, Sintetica SA)
0.2 mg IV over 30 min.

Myocardial infarction induction procedure
After preparation for general anaesthesia, the minipigs were moved in the Hybrid-Catheter Lab operation room
(ACT-Inno AG, Inselspital) and placed on the angiographic table in dorsal recumbency. Right femoral artery was
cannulated under ultrasound guidance with a modified Seldinger’s technique. A long 6 French arterial vascular
sheath was then inserted in the vessel, and the sheath was sutured. Standard catheter shapes designed for human
procedures (for instance, Judkins left and right) were used to allow selective access to the left the coronary artery.
A work-horse coronary wire (Hi-Torque balanced Middleweight) was engaged in the distal LAD coronary artery.
A balloon was then introduced and inflated in the middle part of the artery, leaving the first diagonal branch
(or alternatively the intermediate branch) patent. Complete occlusion of the vessel was confirmed by coronary
angiography with injection of contrast medium and the presence of ECG modifications (e.g. ST elevation). The
balloon was left inflated for 90 min (ischaemic phase, Fig. 4) and then deflated to allow reperfusion of the LAD.
The minipigs were maintained under general anaesthesia for 120 min during the reperfusion phase. Thereafter,
all the procedural catheters were removed before recovery.

All the animals received two injections of the experimental antifibrotic treatment or placebo (based on a
random assignation) few days following MI induction (PO day 3 and PO day 16), but no other medications
currently in use in human patients following MI and PCI (e.g. beta blockers) were administered at any time.

Statistical analysis
Statistical analysis was conducted with R (version 4.2.3) and NCSS Statistical Software. Data normality was
assessed with the Shapiro Wilk test.

For MT and Von Frey, the arithmetic mean of the two recorded values, for each tested site, was calculated and
used for further analysis. Furthermore, when the cut-off of stimulation was reached before obtaining a reaction
of the animals, the values of 101 N and 56 °C was used for the statistical analysis for MT and T'T, respectively.

Median and interquartile range (IQR [25%;75t]) of MT, TT and Von Frey were calculated, per day, for the
whole sample and for females and males separately, a) independently from the tested site (thresholds coming
from sites LC, RC, LN, RN, LF and RF were pooled together and treated as independent measurements) b) for
each site independently.

Differences between two different days X and Y were evaluated by a) taking the median of paired differences
between days (LC dayX—LC dayy RC dayx'RC dayY,etc.) b) considering the influence of each tested site LC, RC
etc. individually. A one-sample t-test was performed under the null hypothesis that there was no difference
between the two days, both for the whole sample and for each sex. The p-value was calculated from the Student’s

Scientific Reports |

(2025) 15:36934 | https://doi.org/10.1038/s41598-025-20920-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

distribution, provided the Shapiro Wilk test reported a p value >0.05; when not, permutation tests p values were
considered instead. The reported effect size is the Cohen’s d coefficient.

Correlation between pain-related behaviours present in the pain scores and differences between days of
medians of MT and TT and Von Frey, both for the whole sample and for each sex, were assessed using Ordinal
Logistic Regression (R package polr) when at least 3 levels were available, and by Binomial Logistic Regression
(R package glm) otherwise. Odds Ratio (OR) is reported. For ordinal logistic regression, the 2-tailed Wald z test
was used to estimate the significance of the OR. In both cases, confidence intervals were calculated by using the
normal distribution.

To analyse modifications of ¢Tn-I, TNFa, IL6 and IL1pB between days (both for the whole sample and for
each sex), the Friedman Repeated Measures Analysis of Variance on Ranks followed by Bonferroni post-hoc test
for pairwise comparison was used. Moreover, Spearman’s rank test was used to assess correlation between these
variables and median of MT, TT and Von Frey for each day.

To assess modifications of physiological parameters (HR, RR) over days, the Friedman Repeated Measures
Analysis of Variance on Ranks followed by Bonferroni post-hoc test for pairwise comparison was used. Analysis
was conducted both for the whole sample and for each sex.

To evaluate modifications in feasibility scores at different days, the Chi-square test of homogeneity was
performed, both for MT, TT and Von Frey and both for the whole sample and for each sex.

Adjusted p-values reflecting the false discovery rate are calculated following the Benjamin-Hochberg
method® and are applied separately on sets of tests performed at different time points or time differences.

Data availability
The datasets presented in this study can be found in the online repositories: DOI10.5281/zenodo.14003743

Received: 7 July 2025; Accepted: 17 September 2025
Published online: 22 October 2025

References
1. Thygesen, K. et al. Fourth universal definition of myocardial infarction (2018). Circulation 138, 1 (2018).
2. Reed, G. W, Rossi, J. E. & Cannon, C. P. Acute myocardial infarction. Lancet 389, 197-210 (2017).
3. Lewis, E. E et al. Predictors of late development of heart failure in stable survivors of myocardial infarction the CARE study. J. Am.
Coll. Cardiol. 42, 1446-1453 (2003).
4. Rubio, R. et al. Quality of life and disease experience in patients with heart failure with reduced ejection fraction in Spain: A mixed-
methods study. BMJ Open 11, €053216 (2021).
. Khan, S. Q. & Ludman, P. E. Percutaneous coronary intervention. Medicine 50, 437-444 (2022).
6. Ravassa, S. et al. Cardiac fibrosis in heart failure: Focus on non-invasive diagnosis and emerging therapeutic strategies. Mol. Asp.
Med. 93, 101194 (2023).
7. Jia, H., Chang, Y. & Song, J. The pig as an optimal animal model for cardiovascular research. Lab Anim. 53, 136-147 (2024).
8. Granot, M. et al. Clinical and experimental pain perception is attenuated in patients with painless myocardial infarction. Pain 133,
120-127 (2007).
9. Granot, M. et al. Determinants of endogenous analgesia magnitude in a diffuse noxious inhibitory control (DNIC) paradigm: Do
conditioning stimulus painfulness, gender and personality variables matter?. Pain 136, 142-149 (2008).
10. Patel, H., Rosengren, A. & Ekman, I. Symptoms in acute coronary syndromes: does sex make a difference?. Am. Hear. J. 148, 27-33
(2004).
11. Sella, Y. O., Manistamara, H., Apriliawan, S., Lukitasari, M. & Rohman, M. S. Characteristic differences of chest pain in male and
female patients with acute coronary syndrome: A pilot study. J. Public Heal. Res. 10, 2242 (2021).
12. Foreman, R. D., Garrett, K. M. & Blair, R. W. Comprehensive physiology. Compr Physiol 5, 929-960 (2015).
13. Cohn, P. E & Fox, K. M. Silent myocardial ischemia. Circulation 108, 1263-1277 (2003).
14. Schiiepp, M. et al. Chest pain early after percutaneous coronary intervention: incidence and relation to ECG changes, cardiac
enzymes and follow-up events. J. invasive Cardiol. 13,211-216 (2001).
15. Chang, C.-C. et al. Chest pain after percutaneous coronary intervention in patients with stable angina. Clin. Interv. Aging 11,
1123-1128 (2016).
16. Fanaroff, A. C. et al. Management of persistent angina after myocardial infarction treated with percutaneous coronary intervention:
Insights from the translate-ACS study. J. Am. Hear Assoc. Cardiovasc. Cerebrovasc. Dis. 6, €007007 (2017).
17. Foinquinos, A. et al. Preclinical development of a miR-132 inhibitor for heart failure treatment. Nat. Commun. 11, 633 (2020).
18. Krombach, G. A,, Kinzel, S., Mahnken, A. H., Giinther, R. W. & Buecker, A. Minimally invasive close-chest method for creating
reperfused or occlusive myocardial infarction in swine. Invest Radiol 40, 14-18 (2005).
19. Koudstaal, S. et al. Myocardial Infarction and Functional Outcome Assessment in Pigs. ] Vis Exp Jove 51269 (2014). https://doi.or
g/10.3791/51269
20. Meijs, S., Schmelz, M., Meilin, S. & Jensen, W. A systematic review of porcine models in translational pain research. Lab Anim. 50,
313-326 (2021).
21. Ison, S. H,, Clutton, R. E., Giminiani, P. D. & Rutherford, K. M. D. A review of pain assessment in pigs. Frontiers Vet Sci 3, 108
(2016).
22. Arendt-Nielsen, L. & Yarnitsky, D. Experimental and clinical applications of quantitative sensory testing applied to skin. Muscles
and Viscera. J. Pain 10, 556-572 (2009).
23. Cruz-Almeida, Y. & Fillingim, R. B. Can quantitative sensory testing move us closer to mechanism-based pain management?. Pain
Med. 15, 61-72 (2014).
24. Nalon, E. et al. Mechanical nociception thresholds in lame sows: Evidence of hyperalgesia as measured by two different methods.
Vet. ]. 198, 386-390 (2013).
25. Taylor, P. M. et al. Mechanical nociceptive thresholds using four probe configurations in horses. Vet. Anaesth. Analg. 43, 99-108
(2016).
26. Andreis, E R., Morch, C. D., Jensen, W. & Meijs, S. On determining the mechanical nociceptive threshold in pigs: a reliability study.
Front. Pain Res. 4, 1191786 (2023).
27. Love, E.]., Murrell, . & Whay, H. R. Thermal and mechanical nociceptive threshold testing in horses: a review. Vet. Anaesth. Analg.
38,3-14 (2011).
28. Giminiani, P. D. et al. Application of a handheld Pressure Application Measurement device for the characterisation of mechanical
nociceptive thresholds in intact pig tails. Physiol. 165, 119-126 (2016).

w

Scientific Reports |

(2025) 15:36934 | https://doi.org/10.1038/541598-025-20920-y nature portfolio


https://doi.org/10.3791/51269
https://doi.org/10.3791/51269
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29.

30.

Herskin, M. S., Ladewig, J. & Arendt-Nielsen, L. Measuring cutaneous thermal nociception in group-housed pigs using laser
technique—Effects of laser power output. Appl. Anim. Behav. Sci. 118, 144-151 (2009).

Falcone, C. et al. Susceptibility to Pain During Coronary Angioplasty: Usefulness of Pulpal Test. J. Am. Coll. Cardiol. 28, 903-909
(1996).

31. Glusman, M. et al. Pain sensitivity in silent myocardial ischemia. Pain 64, 477-483 (1996).

32. @hrn, A. M. et al. Pain tolerance in persons with recognized and unrecognized myocardial infarction: A population-based. Cross-
Sectional Study. J. Am. Hear. Assoc. 5, €003846 (2016).

33. Steagall, P. V,, Bustamante, H., Johnson, C. B. & Turner, P. V. Pain Management in Farm Animals: Focus on Cattle. Sheep and Pigs.
Animals 11, 1483 (2021).

34. Gigliuto, C. et al. Pain assessment in animal models: Do we need further studies?. J Pain Res 7, 227-236 (2014).

35. Bradbury, A. G., Eddleston, M. & Clutton, R. E. Pain management in pigs undergoing experimental surgery; A literature review
(2012-4). Bja Br ] Anaesth 116, 37-45 (2016).

36. Robles, I. et al. Validation of the Unesp-Botucatu pig composite acute pain scale (UPAPS) in piglets undergoing castration. PLoS
ONE 18, e0284218 (2023).

37. Luna, S. P. L. et al. Validation of the UNESP-Botucatu pig composite acute pain scale (UPAPS). PLoS ONE 15, 0233552 (2020).

38. Zhou, Y.-Q. et al. Interleukin-6: an emerging regulator of pathological pain. J. Neuroinflammation 13, 141 (2016).

39. Oprée, A. & Kress, M. Involvement of the proinflammatory cytokines tumor necrosis factor-a, IL-1p, and IL-6 But Not IL-8 in
the development of heat hyperalgesia: Effects on heat-evoked calcitonin gene-related peptide release from rat skin. J. Neurosci. 20,
6289-6293 (2000).

40. Casoni, D., Mirra, A., Suter, M. R, Gutzwiller, A. & Spadavecchia, C. Can disbudding of calves (one versus four weeks of age)
induce chronic pain?. Physiol Behav 199, 47-55 (2019).

41. Mirra, A., Spadavecchia, C., Bruckmaier, R., Gutzwiller, A. & Casoni, D. Acute pain and peripheral sensitization following cautery
disbudding in 1- and 4-week-old calves. Physiol Behav 184, 248-260 (2018).

42. DeVon, H. A, Piano, M. R, Rosenfeld, A. G. & Hoppensteadt, D. A. The association of pain with protein inflammatory biomarkers.
Nurs. Res. 63, 51-62 (2014).

43. Pawlik, R. J. et al. Circulating pro-inflammatory cytokines do not explain interindividual variability in visceral sensitivity in
healthy individuals. Front. Neurosci. 16, 876490 (2022).

44. Haybar, H., Bandar, B., Torfi, E., Mohebbi, A. & Saki, N. Cytokines and their role in cardiovascular diseases. Cytokine 169, 156261
(2023).

45. Sun, W. et al. Aloin antagonizes stimulated ischemia/reperfusion-induced damage and inflammatory response in cardiomyocytes
by activating the Nrf2/HO-1 defense pathway. (2021). at

46. Duan, D. et al. The relationship between cardiac oxidative stress, inflammatory cytokine response, cardiac pump function, and
prognosis post-myocardial infarction. Sci. Rep. 14, 8985 (2024).

47. Jiang, W,, Yin, Y., Gu, X, Zhang, Z. & Ma, H. Opportunities and challenges of pain-related myocardial ischemia-reperfusion injury.
Front. Physiol. 13, 900664 (2022).

48. Taha, Y. et al. Early post-percutaneous coronary intervention chest pain: A nationwide survey on interventional cardiologists
perspective. Cardiovasc. Revascularization Med. 21, 1517-1522 (2020).

49. Chen, Y.-Y.K,, Boden, K. A. & Schreiber, K. L. The role of regional anaesthesia and multimodal analgesia in the prevention of
chronic postoperative pain: a narrative review. Anaesthesia 76, 8-17 (2021).

50. Grace, R.F, Lin, Y., Edwards, S. R., Power, I. & Mather, L. E. Effects of diclofenac in the rat tail ischaemia-reperfusion injury model
of acute hyperalgesia. Pain 89, 117-125 (2001).

51. Lipnik-Stangelj, M. Mediators of inflammation as targets for chronic pain treatment. Mediat. Inflamm. 2013, 783235 (2013).

52. Zhang, J.-M. & An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 45, 27-37 (2007).

53. Gudes, S. et al. The role of slow and persistent TTX-resistant sodium currents in acute tumor necrosis factor-a-mediated increase
in nociceptors excitability. J. Neurophysiol. 113, 601-619 (2015).

54. Binshtok, A. M. et al. Nociceptors are interleukin-1( sensors. J. Neurosci. 28, 14062-14073 (2008).

55. Fernando, H. et al. Association between pre-hospital chest pain severity and myocardial injury in ST elevation myocardial
infarction: A post-hoc analysis of the AVOID study. IJC Hear. Vasc. 37, 100899 (2021).

56. Luz, L. L. et al. Monosynaptic convergence of somatic and visceral C-fiber afferents on projection and local circuit neurons in
lamina I. Pain 156, 2042-2051 (2015).

57. Cui, X. et al. Referred somatic hyperalgesia mediates cardiac regulation by the activation of sympathetic nerves in a rat model of
myocardial ischemia. Neurosci. Bull. 38, 386-402 (2022).

58. Jensen, T. S. & Finnerup, N. B. Allodynia and hyperalgesia in neuropathic pain: clinical manifestations and mechanisms. Lancet
Neurol. 13, 924-935 (2014).

59. Mogil, J. S. & Crager, S. E. What should we be measuring in behavioral studies of chronic pain in animals?. Pain 112, 12-15 (2004).

60. Petrucci, M., Spadavecchia, C., Rieben, R. & Casoni, D. Mechanical and thermal thresholds before and after application of a
conditioning stimulus in healthy Géttingen Minipigs. PLoS ONE 19, €0309604 (2024).

61. Suzuki, H. et al. Current concept of quantitative sensory testing and pressure pain threshold in neck/shoulder and low back pain.
Healthcare 10, 1485 (2022).

62. Dame, M. K. et al. Establishment and characteristics of Gottingen minipig skin in organ culture and monolayer cell culture:
Relevance to drug safety testing. Vitr. Cell. Dev. Biol. - Anim. 44, 245-252 (2008).

63. Summerfield, A., Meurens, F. & Ricklin, M. E. The immunology of the porcine skin and its value as a model for human skin. Mol.
Immunol. 66, 14-21 (2015).

64. Yeomans, D. C. & Proudfit, H. K. Nociceptive responses to high and low rates of noxious cutaneous heating are mediated by
different nociceptors in the rat: electrophysiological evidence. Pain 68, 141-150 (1996).

65. Nielsen, J. & Arendt-Nielsen, L. The importance of stimulus configuration for temporal summation of first and second pain to
repeated heat stimuli. Eur. J. Pain 2, 329-341 (1998).

66. Herskin, M. S. & Giminiani, P. D. Advances in Pig Welfare. 325-355 (2018). https://doi.org/10.1016/b978-0-08-101012-9.00011-3

67. Haga, H. A, Tevik, A. & Moerch, H. Electroencephalographic and cardiovascular indicators of nociception during isoflurane
anaesthesia in pigs. Vet Anaesth Analg 28, 126-131 (2001).

68. Frampton, J., Ortengren, A. R. & Zeitler, E. P. Arrhythmias after acute myocardial Infarction. Yale J. Biol. Med. 96, 83-94 (2023).

69. Mogil, ]. S., Parisien, M., Esfahani, S. J. & Diatchenko, L. Sex differences in mechanisms of pain hypersensitivity. Neurosci. Biobehav.
Rev. 163, 105749 (2024).

70. Schulte, K. J. & Mayrovitz, H. N. Myocardial infarction signs and symptoms: Females vs males. Cureus 15, 37522 (2023).

71. Bartley, E. J. & Fillingim, R. B. Sex differences in pain: A brief review of clinical and experimental findings. Br. J. Anaesth. 111,
52-58 (2013).

72. Athnaiel, O., Cantillo, S., Paredes, S. & Knezevic, N. N. The role of sex hormones in pain-related conditions. Int. J. Mol. Sci. 24, 1866
(2023).

73. Osborne, N. R. & Davis, K. D. Sex and gender differences in pain. Int. Rev. Neurobiol. 164, 277-307 (2022).

74. Morgan, J. et al. Sex and gender differences in pain perception and management in clinical settings. Life 17, 2367421 (2024).

75. Petrucci, M., de Brot, S. & Casoni, D. Case report: Side effects of etomidate in propylene glycol in five Gottingen Minipigs. Front.
Vet. Sci. 11, 1376604 (2024).

Scientific Reports|  (2025) 15:36934 | https://doi.org/10.1038/s41598-025-20920-y nature portfolio


https://doi.org/10.1016/b978-0-08-101012-9.00011-3
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

76. Sert, N. P. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. BMC Vet. Res. 16, 242 (2020).

77. Reyes, L., Tinworth, K. D,, Li, K. M., Yau, D. E. & Waters, K. A. Observer-blinded comparison of two nonopioid analgesics for
postoperative pain in piglets. Pharmacol Biochem Be 73, 521-528 (2002).

78. Keita, A., Pagot, E., Prunier, A. & Guidarini, C. Pre-emptive meloxicam for postoperative analgesia in piglets undergoing surgical
castration. Vet. Anaesth. Analg. 37, 367-374 (2010).

79. Bongoni, A. K., Lanz, ], Rieben, R. & Banz, Y. Development of a bead-based multiplex assay for the simultaneous detection of
porcine inflammation markers using xMAP technology. Cytom. Part A 83A, 636-647 (2013).

80. Re, M., Canfran, S., Largo, C. & de Segura, I. A. G. Effect of lidocaine-ketamine infusions combined with morphine or fentanyl in
sevoflurane-anesthetized pigs.. ] Am. Assoc. Lab. Anim. Sci. : JAALAS 55, 317-320 (2016).

81. Jung, K. T, Bapat, A., Kim, Y. K., Hucker, W. J. & Lee, K. Therapeutic hypothermia for acute myocardial infarction: A narrative
review of evidence from animal and clinical studies. Korean J. Anesthesiol. 75, 216-230 (2022).

82. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing.. J. R. Stat.
Soc.: Ser B (Methodol.) 57, 289-300 (1995).

Acknowledgements
The authors would like to warmly thank the team of the Experimental Surgery Facility (ESF) of the University of
Bern and the team of the Hybrid Cath-Lab for their invaluable help.

Author contributions

M.P.: Conceptualisation, Methodology, Investigation, Formal analysis, Data curation, Validation, Visualisation,
Writing—original draft, Writing—review & editing; A.C.U.: Formal analysis, Data curation, Validation, Visual-
isation, Writing—original draft, Writing—review & editing; C.P.: Investigation, Data curation, Writing—review
& editing; L.G.G.C.: Investigation, Data curation, Writing—review & editing; A.D.: Formal analysis, Data cura-
tion, Writing—review & editing; N.C.: Investigation, Writing—review & editing; F.P.: Methodology, Investiga-
tion, Writing—review & editing; R.R.: Conceptualisation, Study design, Resources, Funding acquisition, Super-
vision, Writing—review & editing; D.C.: Conceptualisation, Study design, Resources, Project administration,
Investigation, Data curation, Validation, Supervision, Writing—review & editing.

Fundin

The trans%ltional study involving the minipigs included in the present work was supported by Innosuisse - the
Swiss Innovation Agency (https://www.innosuisse.admin.ch/de) [Grant Number: 40379.1 IP-LS; Main applican
t: RR]. The funding agency had no role in the study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-20920-y.

Correspondence and requests for materials should be addressed to M.P. or D.C.
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) 2025

Scientific Reports |

(2025) 15:36934 | https://doi.org/10.1038/s41598-025-20920-y nature portfolio


https://www.innosuisse.admin.ch/de
https://doi.org/10.1038/s41598-025-20920-y
https://doi.org/10.1038/s41598-025-20920-y
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Unravelling pain in Göttingen Minipigs undergoing experimentally induced closed-chest myocardial infarction: a prospective cohort study
	﻿Results
	﻿Mechanical and thermal thresholds
	﻿Cardiac biomarker and cytokines


	﻿Discussion
	﻿Conclusions and outlook
	﻿Materials and methods
	﻿Animals
	﻿Course of the experiment
	﻿Quantitative sensory testing and physiological parameters assessment
	﻿Pain score assessment
	﻿Blood samples collection
	﻿Troponin I and cytokines assay
	﻿Myocardial infarction induction
	﻿Anaesthesia
	﻿Myocardial infarction induction procedure


	﻿Statistical analysis
	﻿References


