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Abstract

Cardiac dysfunction (CD) importantly contributes to mortality in trauma patients, who
survive their initial injuries following successful haemostatic resuscitation. This poor
outcome has been correlated with elevated biomarkers of myocardial injury, but the
pathophysiology triggering this CD remains unknown.

We investigated the pathophysiology of acute CD after trauma using a mouse model of
trauma haemorrhage shock (THS)-induced CD with echocardiographic guidance of fluid
resuscitation, to assess the THS impact on myocardial integrity and function. Mice were
subjected to trauma (soft tissue and bone fracture) and different degrees of haemorrhage
severity (pressure controlled ~MABP <35mmHg or <65mmHg) for one hour, to characterise
the acute impact on cardiac function. In a second study, mice were subjected to trauma and
haemorrhage (MABP<35mmHg) for one hour, then underwent two echocardiographic-
guided resuscitations to baseline stroke volume at 60 min and 120 min, and were monitored
up to 180 min to study the longer impact of THS following resuscitation. Naive and sham
animals were used as controls.

At 60 min post-THS injury, animals showed a lower cardiac output (CO) and stroke volume
(SV) and an early rise of heart fatty acid-binding protein (H-FABP=1674+38 ng/ml; 90%
increase from shams, 3.54+3.06ng/ml), when subjected to severe haemorrhage and injury.
Despite resuscitation, these animals maintained lower CO (6 ml/min vs 23ml/min), lower SV
(10 pl vs 46 pl; both ~75% decreased), and higher H-FABP (levels (340+115 ng/ml vs
10.3+0.2ng/ml; all THS vs. shams, P<0.001) at 180 min post-TH injury. Histopathological
and flow-cytometry analysis of the heart confirmed an influx of circulatory leukocytes,
compared to non-injured hearts. Myocardial injury was supported by an increase of troponin |
and h-FABP and the widespread ultrastructural disorganisation of the morphology of
sarcomeres and mitochondria. DNA fragmentation and chromatin condensation driven by
leakage of apoptosis-inducing factor (AIF) may suggest a mitochondria-driven progressive
cell death.

THS modelling in the mouse results in cardiomyocyte damage and reduced myocardial
function, which mimics the cardiac dysfunction seen in trauma patients. This CD model may,
therefore, provide further understanding to the mechanisms underlying CD and act as a tool
for developing cardioprotective therapeutics to improve survival after injury.
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Introduction

Trauma is a large and growing problem worldwide, accounting for 10.1% of the global
burden of disease [1], with half of all trauma deaths being due to excessive bleeding and the
subsequent severe shock [2, 3]. New paradigms of haemostatic resuscitation to manage
coagulopathy have led to large decreases in mortality worldwide [4, 5]. With more patients
surviving the initial bleeding episode, cardiac dysfunction is increasingly common and an
important determinant of outcome. Over half of all critically injured trauma patients admitted
to intensive care develop cardiovascular dysfunction within the first 48 hours, of which 20%
will die [6]. Identifying these patients early in their care and rescuing them from this
downward trajectory would have a dramatic impact on trauma mortality.

Cardiac dysfunction in trauma patients is initially difficult to recognise, as it develops within
the context of hypovolaemia and a widespread inflammatory response [7]. Patients often
initially show a normal cardiac response with a high cardiac output, but over a relatively short
period they experience a dramatic fall in SV and CO, despite inotrope and vasopressor
support. We have previously shown that trauma patients have elevated levels of biomarkers
of myocardial damage within the first 2 hours of injury, and this is associated with increased
risks of adverse cardiac events and mortality [8, 9]. Cardiac histopathology in non-survivors
has shown multiple pathological identifiers of indirect or secondary cardiac injury [10, 11].
The pathophysiology and mechanisms of secondary cardiac dysfunction are unknown, with
most critical care studies limited to sepsis [12]. There is some pre-clinical evidence for the
development of cardiac injury and dysfunction arising as an indirect consequence of trauma
and haemorrhage in pigs [13] and in rodents [ 14-16], suggesting a local cardiac inflammatory
response as the main driver of cardiomyocyte structural and functional damage.

Our overall aim for this study was to investigate the pathophysiology of cardiac dysfunction
after trauma by implementing a clinically relevant murine model of post trauma haemorrhage
cardiac dysfunction. Specifically, our objectives were to: 1) determine the nature and extent
of myocardial damage and cardiac dysfunction in an un-resuscitated model of trauma
haemorrhage; 2) determine the progression of cardiac dysfunction over time in a resuscitated
model of trauma haemorrhage; and 3) explore the inflammatory myocardial response and
ultrastructural integrity, to elucidate possible mechanistic pathways for cardiomyocyte cell
damage.

Materials and methods
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Ethical statement

All animal procedures were carried out under a Project Licence (PC5F29685) approved by
the Animal Welfare and Ethical Review Body at Queen Mary University of London and the
UK Home Office, in accordance with the EU Directive 2010/63/EU. All animal facilities and
suppliers have been approved by the UK Home Office Licensing Authority and meet all
current regulations and standards for the UK. _A total of 98 mice were used for the work
described in this study (details in supplemental Table 1).

For this study we used n=6-10 animals per group, to provide a valuable discriminatory power
of 90% with a significant level a =0.05 to detect up to 15-20% relative differences in primary
outcomes (lactate levels, cardiac function, cardiac injury biomarkers). Experimental planning
for data randomization and blinded data acquisition and analysis was carried out following
the ARRIVE guidelines [17].

Animal housing and husbandry

Adult male C57BL/6 mice (weight range 25-30g; 9-11 weeks old) were obtained from
Charles River Laboratories (Margate, UK). Health screens provided by the official vendor
indicated that animals were free of known pathogens in accordance with FELASA guidelines
for health monitoring of rodent colonies [18]. Animals were housed in groups of 4-6 per
individually ventilated cage (IVC; Allentown Europe, UK), in a 12 h light dark cycle (06:30 -
18:30 light; 18:30 - 06:30 dark), with controlled room temperature (21 = 1°C) and relative
humidity (40-60 %). Animals were allocated to cages on arrival and remained in the same
social group throughout the study, including a 7-day acclimatization phase prior to any study,
with ad libitum access to standard diet and water.

Induction of haemorrhagic traumatic injury

Animals were anaesthetised (Isoflurane: 4-5% induction, 0.5-1.5% for maintenance in 0.8-11t
/min 100% medical O2). Anaesthesia depth was controlled clinically and by haemodynamic
monitoring (Mean Arterial Blood Pressure; MABP). Core temperature was maintained at
36+ 1°C throughout the study with a homoeothermic blanket (Harvard Apparatus Ltd., UK)
and heat lamps. All experiments were carried out under terminal anaesthesia with no
recovery, and all animals were humanely culled at the end of the experiment.

A lcm incision was made in the middle of the cervical skin and the left jugular vein was
cannulated [polyethylene tubing pre-flushed with heparinised saline (25 IU/mL); Portex.
Smith’s Medical Int. Ltd. Kent, UK] The right carotid artery was then cannulated in the same
fashion and connected to a pressure transducer (Capto SP 844, AD Instruments, UK) attached
to a PowerLab 8/30 (ML870, AD Instruments Ltd, Oxford, UK) to monitor MABP using the
LabChart software (ADInstruments Ltd, UK). The neck incision was covered and regularly
checked for evidence of line displacement and/or bleeding. If either of these developed, the
animal was euthanised and removed from the study.

A 2cm midline laparotomy was then performed, and the rectus muscle was crushed using
forceps in a systematic fashion in each animal. The abdominal area was examined to exclude
inadvertent iatrogenic injury and/or bleeding, and then the incision was closed using 5.0-
prolene suture material (Ethicon, UK). Immediately thereafter, animals were subjected to a
bilateral hind limb fracture. Fractures were performed using a closed, manual 3-point bending
technique. Following 5 minutes’ stabilisation after traumatic injury, a ‘baseline’ MABP was
recorded. Then, a pressure-controlled haemorrhage via the carotid cannula was induced to
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achieve a target MABP of 30 — 40mmHg to reach a Traumatic haemorrhagic shock state
(THS). Animals underwent a 60-minute observation period, during which the target blood
pressure (30-40mmHg) was maintained with removal of blood as required via the carotid
cannula. Shed blood was kept warm in a heparinised 1mL syringe (25 IU/mL), which was
occasionally agitated to prevent thrombus formation. In-dwelling vascular catheters were
intermittently flushed with small volumes of heparinised saline and wound sites checked for
signs of haemorrhage. All volumes of heparinised saline were taken into account when
recording volumes of shed and reinfused blood.

Sham controls underwent cannulation of the carotid artery for invasive MABP monitoring
only, without trauma, haemorrhage or fluid resuscitation.

Echocardiography of the left ventricle (LV) was performed at baseline (prior to any traumatic
haemorrhagic intervention), and at defined time-points after injury to assess the impact of
THS injury at 60 (T60), 120 (T120) and 180 (T180) min post THS, using the Vevo 770 high-
resolution system (Visualsonics Inc. Toronto, Canada). M-mode short axis measurements
were used to calculate stroke volume (SV), left ventricular end-diastolic volume (LVEDV)
and cardiac output (CO). Measurements were carried out in triplicate.

The acute impact of THS in cardiac function was studied in animals subjected to sham,
trauma only, THS to 60-70 mmHg MABP or THS to 30-40 mmHg MABP procedures (n=6
/group) following 1h post-intervention, without any resuscitation. At 60 min post THS (T60),
cardiac function and shock status were assessed and animals were culled via terminal
exsanguination and blood samples processed for further analysis (Fig.1A).

To investigate the CD associated with THS, the THS model with a 30-40 mmHg MABP was
extended up to 3h through 2 resuscitation phases at T60 and T120 (THS and sham,
n=10/group) and terminated at T180 . Echocardiography was carried out at T60, T120 and
T180 to assess cardiac function and also to guide the resuscitation volume requirements to
restore the SV to baseline levels during each resuscitation at T60 and T120 (Fig. 2A).

For the first resuscitation (RESUS 1 at T60), the whole shed blood was transfused as a bolus
over 5 minutes via the jugular catheter, and boluses of warmed Hartmann’s solution
(Vetivex11. Dechra Veterinary Products, Shrewsbury, UK) were then administered to reach
SV baseline. In the second resuscitation phase (RESUS 2 at T120), a bolus of Hartmann’s
alone was administered over 5-10 minutes. At each resuscitation, animals received volume
resuscitation to restore left ventricular stroke volume to baseline. During the second
resuscitation, if the target SV was not reached and yet there was no incremental response to
further fluid boluses (and in the confirmed absence of bleeding from wound sites), this was
deemed to represent the completion of the resuscitation phase. All studies were terminated at
T180, through controlled exsanguination via carotid line and confirmation of death via HR
and MABP.

At the end of the experiment, sham animals were culled via terminal exsanguination and
blood samples and tissue taken.

Assessment of shock status

MAPB and heart rate were measured throughout haemorrhage and resuscitation. Blood
lactate was measured and used as an index of shock and tissue perfusion. Arterial lactate
concentrations (mmol/L) were assessed using the Accutrend Lactate monitor (Roche,
Mannheim, Germany). Echocardiography measured at T60 and T120 before and after
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resuscitation, and at T180 was carried out to assess cardiac function (left ventricle SV).
Hematocrit (Hcet; %) and hemoglobin (Hb: g/dL) were measured with a ProCyte Dx
Hematology Analyzer (IDEXX Europe B.V. Hoofddorp, The Netherlands).

Terminal blood sampling and tissue storage

Terminal exsanguination was performed via the carotid catheter only and processed for serum
separation (Z-Gel microtube, Starstedt. Westphalia, Germany). Serum samples were stored at
-80°C. The hearts were removed immediately after the end of the experiment and processed
accordingly to further test specifics.

Cardiac biomarker assessment

Serum heart fatty acid-binding protein (H-FABP) levels were assayed using commercially
available mouse specific enzyme-linked immunosorbent assay (ELISA_Cat. No. HFABP-1)
kit (supplied by Life Diagnostics Inc., West Chester, PA, USA.). ELISAs were performed in
accordance with the manufacturer’s instructions. Standard curves for all ELISAs were plotted
and dilution-corrected sample concentrations were interpolated from the standard curve.

Immunohistochemistry analysis

At 3h THS, a subset of animal (n=3 naive, n=5 THS) were terminally anaesthetised and
cardiac tissue was immediately fixated (10% NBF). Naive animals were housed together
under the same conditions but did not have any surgical intervention, trauma, haemorrhage or
fluid resuscitation. Cardiac tissue was paraffin-fixed for histology and immunohistochemistry
(IHC). Sections (7um) were deparaffinised and hydrated through xylene and ethanol baths.
Sections were subjected to antigen retrieval (10mM of citrate buffer, pH 6.0, 10 min in
microwave) and then cooled at room temperature. Tissue was permeabilised with 10%
Triton-X in PBS for 15 min and then blocked with 10% goat or donkey serum, 1% bovine
serum albumin (BSA) in PBS for an hour, at room temperature (RT). The following primary
antibodies diluted in blocking solution were used (overnight incubation in a humid chamber
at 4°C): goat anti-ionized calcium binding adaptor molecule 1 (Iba-1; for macrophages and
monocytes 1:500; Wako Chemicals USA, Inc., Richmond, VA; Cat#ab109497), rat anti-
Lymphocyte antigen 6 complex, locus G (Ly6G-clone 1A8; for neutrophils 1:200;
BioLegend, London, IK; Cat# 127602); rabbit anti-mouse cleaved caspase-8 1:200 (Asp387;
Cell Signalling Tec.; Cat#8592); rabbit anti-mouse MTCO2 (1:125; Abcam plc, Cambridge,
UK Cat#ab110258) or rabbit polyclonal anti-AIF (1:100; Abcam, UK Cat#ab2086). The
secondary antibodies were donkey anti-goat IgG 568, goat anti-rat 594 1gG, goat anti-rabbit
IgG 488 or goat anti-mouse [gG 594 (Molecular Probes, Leiden, the Netherlands; 1:400 in
PBS). Sudan black (0.3% w/v in 70% ethanol) was used to reduce autofluorescence and
Hoescht 33342 stain (Sigma-Aldrich, Gillingham UK; lug/ml of PBS) was used to visualise
nuclei. Slides were mounted and cover-slipped using Vectashield mounting medium (H-1000,
Vector Laboratories, Burlingame, CA).

For calculations, 2 slides per animal with at least 18 fields were captured across the short-axis
LV myocardium stained section. Images were viewed (x400) and photographed using a Zeiss
Axioskop 2 microscope (Carl Zeiss, Jena, Germany) with a Hamamatsu camera (C4742-95;
Hamamatsu Photonics K.K., Hamamatsu, Japan). Analysis was done using the ImageJ
analysis software for counting the number of positively stained cells. Total nuclei count was
measured to normalise percentage of positive stained cells across fields. All imaging
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acquisition and analysis were carried out blinded to the experimental interventions, and data
were only allocated to the specific experimental group at the end of the analysis.

Flow Cytometry full heart analysis

At 3h post-study, a subset of animals (n=6 naive, n=5 sham-subjected to vessel cannulation
and terminal anaesthesia only, n=5 THS) were intracardially perfused with heparinised saline
under terminal anaesthesia. The hearts were then immediately isolated, cut into 1 mm3 pieces
and dissociated by incubation with papain (Merck, UK) and DNAse I (ThermoFisher
Scientific, UK) for 30 minutes at 37°C. Following lysis of residual red blood cells (RBC
Lysis Buffer, Biolegend, UK), cell suspensions were incubated with CD16/CD32-block
(Biolegend, UK) for 30 minutes at 4°C, followed by incubation for 30 minutes at 4°C with
PE-conjugated anti-CD45 to define immune cell populations, and FITC-conjugated anti-
Ly6C/G (clone RB6-8C5) and APC-conjugated anti-F4/80 (all ThermoFisher Scientific, UK)
to differentiate neutrophils (F4/80Neg, Ly6C/GHi) from pro-inflammatory (F4/80Pos,
Ly6C/GlInt) and anti-inflammatory (F4/80Pos, Ly6C/GLow) monocytes/macrophages [19,
20]. Cells were then analysed by flow cytometry using a BD FACSCanto II instrument (BD
Biosciences) and FlowJo 8.8.1 software (TreeStar Inc., FL, USA). In all cases, 20,000 singlet
CD45Pos events were analysed per sample; positive staining was defined by inclusion of
fluorescence-minus-one controls for all antigens.

Transmission electron microscopy (TEM)

TEM was used to study micro-structural changes associated to specific cell injury and death
in the cardiomyocyte following THS. In a subset cohort of THS and sham animals from the
3h studies, the animals were humanely killed by overdose of anaesthesia and the heart tissue
immediately dissected, cut into smaller tissue specimen (~1mm?), and fixed in 2%
glutaraldehyde. Fixed tissue was washed three times in cacodylate buffer 0.1 M pH 7.4 and
then incubated in 1% osmium tetroxide in ddH2O for 2 hrs at 4°C. After 3 washes in ddH»O,
specimens were dehydrated (progressive incubation from 25% to 100% acetone) following
by impregnation in an increasing concentration of the epoxy resin Araldite 502 (from 25 to
100% of araldite in acetone) used as the embedding medium for TEM. Samples were stored
in fresh araldite for up to 72hrs and then stored at 60°C for 48hrs until the block was hard.

Protein expression in the heart

Western blotting (WB) was used to study biochemical changes associated to cardiomyocyte
injury (troponin I, H-FABP) and cell death pathways (Caspase 8 and Apoptosis Inducing
Factor-AlF) following THS. Tissue from THS (n=6) and sham (n=6) animals was used. At 3h
post-study, animals were deeply anaesthetised and heart tissue was immediately dissected,
weighted and immersed in RIPA buffer [0.1g/1ml w/v; 50 mM TrisHCI (pH 7.4), 150 mM
NacCl, 1% Triton X-100, 0.5% sodium deoxylcholate, 0.1 % SDS, 1 mM EDTA, 10 mM NaF
in ddH20] with a cocktail of protease inhibitor and phosphatase inhibitor tablets (Pierce™
Protease and Phosphatase Inhibitor Mini Tablets Cat no88668, Sigma-Aldrich, UK). The
tissue was minced in RIPA on a cooling slide on dry ice and mash in Dounce homogenizer.
The sample was then sonicated (50 pulses in rounds of 10 s with 10 s rest). Samples were
spun (@13000 rpm in cooling centrifuge for 20 min) and the supernatant protein sample was
collected. Protein concentrations were determined by Bradford assay. Equal amounts of
protein sample were mixed with NuPAGE® MOPS SDS Running Buffer. 20X)-NP0001 was
made up and a tank filled. Bolt™ 4-12%, 10-well NW04122BOX) Bis-Tris Plus Gel was
inserted into the tank; 10ul of samples were loaded with protein ladder (RPN8OOE-GE health
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care) into 10 well NuPage Bis-Tris Mini gel. Optical density was determine using ImageJ
software (NIH). A cardiac tissue specific, mouse monoclonal troponin I antibody (Ab10231,
Abcam, UK; 24kDa) was used for the labelling of troponin. Caspase-8 (rabbit monoclonal
anti-cleaved caspase 8; 8592S; Cell Signalling, UK; 41kDa) expression was used as a marker
of activation of death receptor initiated cell death pathway. AIF (rabbit polyclonal anti-AlIF;
Ab2086; Abcam, UK; 67 kDa) expression and location was assessed by WB analysis, with
the tissue homogenates being processed for differential centrifugation to assess the sub-
cellular compartmentation, removing the large organelles nuclei, cellular debris and intact
cells, and allowing for selective extraction of the cytosol and mitochondria using Cytosol and
Mitochondrial Extraction Buffer Mix containing DTT and Protease Inhibitors. MTCO2
(Anti-MTCO2; Ab198286; Abcam, UK; 1/150 - 25 kDa) and GAPDH (Anti-GAPDH
antibody; Ab8245; Abcam, UK) were used as a mitochondrial and cytosol markers,
respectively.

Statistical analysis

Lactate levels (mmol/L), MABP measurements (mmHg), resuscitation fluids (ml),
echocardiographic LV data (CO=ml/min; SV=ul; LDEDV=pl), % of inflammatory cells
(neutrophils / monocytes / macrophages) and H-FABP serums levels = ng/ml) were
expressed using mean values, with standard deviation (SD). Statistical analysis was
performed using GraphPad Prism 8 (GraphPad Software, San Diego, USA). Normally
distributed data was analysed using Student’s two-tailed t test or one-way ANOVA, followed
by Tukey’s multiple comparison test. Non-normally distributed data was analysed with
Kruskall-Wallis and Mann-Whitney U test analysis. P<0.05 was taken to represent
significance. All analysis was performed blinded to the experimental interventions. (Further
details in supplementary Table 2).

Results:
Myocardial injury after trauma and haemorrhage

The trauma haemorrhage model demonstrated progressive myocardial damage and cardiac
dysfunction following an hour of trauma and haemorrhage without resuscitation (Figure 1).
We examined cardiac effects of trauma alone, trauma and haemorrhage to target MABP of
60-70mmHg (THS 60-70); and to a target an MABP of 30-40mmHg (THS 30-40), achieving
different depths of shock severity (Figure 1A, supplemental Table 3) Myocardial damage, as
measured by serum H-FABP concentrations, increased with increasing model severity, and
were significantly elevated for the most severe THS group (THS 30-40 = 166.69 +
38.64ng/ml), compared to sham, trauma only and 60-70 mmHg THS group (p<0.01). (Fig
1C). At end-experiment, stroke volume and cardiac output were significantly decreased from
baseline in all groups (Fig 1D-1F). In the THS 30-40 group, with over 30% blood loss,
cardiac output was 87% lower than baseline (Fig 1E ) at 1-hour post trauma compared to
sham and trauma-only groups (p<0.001, Figure 1E).

Cardiac dysfunction following myocardial damage

In order to determine the functional effects of myocardial damage, we extended our TH 30-
40mmHg model for 3 hours to include two resuscitation phases at 60 and 120 minutes post-
haemorrhage (Figures 2A and 2B). Shock severity worsened over time despite the two
resuscitation steps (Figures 2B & C), with serum lactate reaching a median of 7.9 £5.2
mmol/L at 180 minutes (from 1.4+0.37mmol/l at baseline p=0.004, supplemental Table 4).
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MARBP increased immediately after resuscitation, but then progressively declined, despite
transient increases with volume resuscitation. End-experiment MAP was 44% lower than
post Resus-1 levels (43.3£8 vs 77.4+5mmHg Figure 2B; supplemental Table 4). Hb
concentration and Hct were not significantly different between the THS group and sham, at
3h (Hb 14.5+1.6 vs 13.2+1.4 and Hct 47.54+8.7 vs 43.1+5.4, in sham and THS groups,
respectively; supplemental Table 2 and Fig 1).

On functional echocardiographic assessment, volume resuscitation to normalise stroke
volume did not maintain LVEDYV, stroke volume or cardiac output. Mean LVEDV was only
23% of baseline at end-experiment (16.40ul vs 76.17ul; p<0.0001); stroke volume was 22%
of baseline (10.5ul vs 47.1pl, p<0.0001) and total cardiac output was 30% from baseline
(5.8ul vs 22.4ul, p<0.0001, Figures 2E-G, Table S2). In line with these findings, H-FABP
concentrations continued to increase from T60 min post-THS, rising to a mean of 340ng/ml
at end-experiment compared to 116.7ng/ml at T60 (p=0.003) and 10.3 ng/ml compared to
sham animals at end-experiment, p<0.001) (Table 2). Despite resuscitation, 50% of animals
had died by 3h post-haemorrhage. (Figure 2H).

Myocardial inflammation and structural damaged following THS impacts on
cardiomyocyte survival

From our in situ IHC-analysis in the myocardium, a significantly higher % of neutrophils
(Ly6G stained cells) was identified in the heart of the THS group compared to naive animals
(0.15+0.07 vs. 0.8+£0.1 % of positive LyGo6 cells, respectively; P=0.02) (Fig.3A); a high
presence of macrophages and monocytes were also identified in the THS group (1.7+0.01 vs.
0.3+0.01 % positive Iba-1 cells in THS vs naive, respectively; P=0.001). (Fig. 3B).

From the flow cytometry analysis carried out following ex vivo heart cells disaggregation, a
significantly higher number of neutrophils were identified in THS group compared to naive
non-injured animals (11.7+5.2 vs. 3.4+2.7 % F4/80Neg, Ly6C/GHi cells; one way ANOVA
with Tukey’s multiple Comparison P=0.01) (Fig3.D). Sham animals did not differ from naive
or THS (6.443. 9% F4/80Neg, Ly6C/GHi cells). When investigating monocyte cell
population, we identified a statistically higher ratio of pro-inflammatory (F4/80Pos,
Ly6C/GInt) vs anti-inflammatory (F4/80Pos, Ly6C/GLow) monocytes in the THS group
compared to the naive and sham animals (1.14+0.8 for THS group vs 0.25+0.1 for naive
group and 0.3240.1 for sham group; P=0.006 and P=0.01, respectively) (Fig.3H). There was
also a trend to shift the presence of pro vs. anti-inflammatory monocytes in the hearts of THS
animals, compared to that for the naive and sham groups; but these data did not reach the
threshold for statistical significance (Fig. 3F,G).

TEM analysis demonstrated significant morphological changes within the myocardium, with
interstitial oedema and widespread disorganisation of the cardiac myofibrillar ultrastructure,
and a relaxation of the sarcomere in the cardiomyocytes (Fig. 4A). We identified the presence
of poorly circumscribed mitochondria distributed in a disorderly fashion across cardiac
muscle fibres, with significant structural changes. In THS animals, 33% of the mitochondria
contained amorphous dense bodies, in comparison to 23% in the sham animals (p=0.006).
Mitochondrial swelling, with loss of electron dense material from the matrix and breakdown
of the cristae and vacuolation, was also observed in THS animals (Fig. 4B). The nuclei of
this THS group also exhibited signs of irreversible structural changes, such as margination of
chromatin, associated with surrounding oedema, chromatin condensation and rarefaction of
the nucleoplasm, where there is loss of the chromatin (Fig.4C-E), compare to sham animals
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(Fig4.F-H). Most of these lesions are consistent with presence of myocardial ischaemia injury
the THS hearts (Fig 4).

Myocardial damaged was confirmed by the reduced levels of H-FABP in the myocardium of
the THS hearts (p=0.06 NS; p=0.04*, respectively; two-tailed unpaired t-test; means = SD),
indicating the loss /release of these proteins, attributable to myocardial injury. (Fig.4L,J).

A significant decrease in caspase 8 expression in THS was seen on IHC (Fig 4 K) is
suggestive that the cardiomyocte damage seen is not dependent upon death receptor initiated
or protease dependent apoptosis. The difference in caspase 8 on WB although downward
trending was not statistically significant (Fig 4L). The total AIF expression was similar
between Sham and THS models (0.20 vs 0.17 respectively, NS; Fig 5A), but a
compartmentalisation of AIF outside the mitochondria was observed in the TH models. The
decrease in the mitochondrial AIF in comparison to cytosolic AIF in the THS hearts
(mitochondria vs. total cell P=0.04 and mitochondria vs. supernatant/cytosol P=0.04; Fig 5B)
suggests a leakage of the mitochondrial AIF into the cytosol, with the potential activation of a
mitochondrial driven cell death pathway (Fig.5A-D).

Discussion

Our study confirms that the preclinical modelling approach that we have developed
physiologically and biochemically mirrors the cardiac dysfunction seen in bleeding trauma
patients. Traumatic injury and controlled haemorrhage induced significant acute cardiac
damage despite subsequent echocardiography-guided volume resuscitation. These changes
were associated with demonstrable myocardial cell death and inflammation leading to
reduced survival.

In our unresuscitated model, we identified cardiac functional changes and myocardial damage
with comparable elevations in the cardiomyocyte damage molecule H-FABP [21] to those
reported in clinical studies [8, 22]. The associated functional decreases in cardiac output were
at least in part related to the loss of stroke volume. However, our resuscitated model, with
confirmed restoration of volume preload, demonstrated a persistent and progressive loss of
cardiac function associated with increasing myocardial injury indicated by further elevations
in H-FABP. Catecholamine release with increased inotropy will undoubtedly compensate for
some degree of cardiomyocyte loss. However in our model, volume resuscitation to baseline
LVEDYV was not able to restore cardiac function to pre-shock levels. This resultant cardiac
dysfunction is increasingly recognised as a key determinant of critical care utilization and
survival in trauma patients [10, 23, 24].

Cardiac dysfunction is well known in sepsis [12, 25], but the aetiology of trauma induced
myocardial injury likely has different underlying pathophysiology [1-16, 26]. We observed
an acute cardiac inflammatory response, with an increase in monocytes/macrophages and
neutrophils infiltration in the heart is identified following THS injury. This may be driven by
the systemic inflammatory response to trauma [15, 26], or may be a direct response of the
immune system to cardiomyocyte cell death. The acute recruitment of monocytes and
neutrophils from circulation into the myocardium has also been reported in cardiac stress
ischemic conditions [27]. The persistence of this myocardial inflammation response may lead
to further endogenous cytokine production and leukocyte recruitment and infiltration,
increasing oxidative stress, cell damage and cardiac dysfunction [28].
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We observed severe cardiomyocyte ultrastructural and organelle dysfunctional damage by 3h
post trauma, with myofibrillary disarray, relaxation of sarcomeric proteins, mitochondrial
vacuole formation, membrane disruption and chromatin features consistent with irreversible
damage. Such cellular stress features, augurs of cell death, have been described in rodent
cardiomyocytes following ischemia-reperfusion [29]. Furthermore, the increased
translocation of mitochondrial AIF into the cytosol, and then into the nucleus, confirms the
activation of cell death pathways associated with cell death. This presence of AIF leakage in
addition to the reduced expression of caspase 8, may indicate the involvement of the alternate
cell death pathway of necroptosis as a principle mode of cardiomyocyte cell death in trauma
[30, 31]. Many alarmins released following trauma (ATP, DNA, histones, HMGB-1, HSP70)
have been associated with necroptosis signalling [32], and such necroptosis has already been
identified as central to other sterile inflammation conditions such as acute pancreatitis [33]
and organ injury[34]. Our data raises the possibility of mitochondrial mediated necroptosis
triggered by specific extracellular alarmins as the underlying cardiomyocyte cell death
pathways, leading to cardiac dysfunction in trauma patients. However, the role of AIF and
necroptosis is still poorly understood in the realm of organ injury and unexamined in the
context of trauma. Therefore, it is pertinent to conduct further studies to modulate AIF
translocation and examine its effect on necroptosis, cell survival and therefore cardiac
dysfunction in models prior to translation to humans. Our modelling approach will support
further mechanistic studies on the role of inflammatory mediators in driving specific
tissue/organ dysfunction after trauma, particularly allowing for the use of transgenic animals
for inflammatory pathways.

There are several limitations to this study. We limited our model to 3 hours, and longer
durations will be required to examine the longer term impacts of injury on cardiac function.
The implementation of serial echocardiography to guide resuscitation is unique in trauma
models and delivers a new in-vivo understanding of cardiac dysfunction in trauma
haemorrhage. However, it was difficult to assess myocardial contractility with ultrasound
and further advanced imaging approaches such as speckle tracking or MRI tagging could be
used to explore this, as well as ex-vivo isolated heart techniques. Monitoring of other
clinically relevant resuscitation parameters like urine output, arterial blood gas or central
venous pressure could also have been explored, but their implementation in this echo-guided
trauma mouse model remain challenging due to low blood volumes and technical limitations.
Our inflammatory and biochemical analyses identified cardiomyocyte cell death suggesting,
but not definitive of, activation of necroptosis pathways. Further work will be required, to
fully characterise the cell death mechanism and its relationship with the sterile inflammatory
response.

Cardiac dysfunction is now a major mode of trauma haemorrhage death after admission. We
have identified the development of severe and irreversible myocardial damage, despite fluid
resuscitation, leading to cardiac dysfunction and death. We pose AIF-driven necroptosis as a
possible underlying mechanistic pathway for the cell death. Myocardial protection through
novel management strategies and therapeutic approaches represents a major opportunity for
improving survival after major trauma.
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National Research Council. The protocols were approved by the Animal Welfare and Ethics
Review Board of Queen Mary University of London and conducted under the UK home
office license number PC5F29685. Experimental planning and design was performed in
accordance with the ARRIVE guidelines for data randomization, blinding for results analysis
and sample size calculation. All studies were carried out under non-recovery terminal
anaesthesia. Animals never regain conscious state, been constantly monitored (MABP, HR,
Resp. rate, body temperature) throughout the whole study. Survival state is defined as the
animal’s ability to maintain a MAP>15mmHg with measurable respiratory and cardiac
function. Once any animal reaches any physiological state below the survival threshold, the
animals is humanely killed by exsanguination to collect terminal tissue / blood samples.
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Figure legends:

Figure 1: Characterisation of the shock status and cardiac dysfunction at 60 min post
traumatic haemorragic shock injury (1h post-THS). A) Modelling strategy describing the
experimental set up with vessel cannulations, traumatic soft and hard tissue injury and
pressure-controlled haemorrhage. B)Median values, interquartile range and range of arterial
blood lactate levels at 60min post-THS between the experimental groups (S= sham with only
vessel cannulation only; T=Traumatic injury alone; TH 60-70=THS with 60-70 mmHg
MABP and TH 30-40=THS with 30-40 mmHg MABP). **P<0.001 between TH 30-40 and S,
T and TH 60-70. C) Serum H-FABP levels as a myocardial injury biomarker at 60min post-
THS between the S, T and THS 60-70 and 30-40mmHg groups, showing a significant
difference in the THS-30-40 group vs. the others (**P<0.001). D) Representative
echocardiographic images across the longitudinal heart axis showing the collapsed LV in
THS animals at 60 min post-injury, in comparison with baseline non-no injured heart; yellow
line depicts the endocardium; red line depicts epicardium. E) Cardiac outcome (CO; ml/min)
at 60 min post-injury, showing the impact of pre-load effects on the THS 60-70 and the THS
30-40 groups compared to S and T groups (*P<0.05, **P<0.001 between groups; **P<0.01
TH 60-70 versus TH 30-40). D) Stroke volume ( SV; ul) at 60min post-injury, showing the
impact of pre-load effects on the THS 60-70 and the THS 30-40 groups (*P<0.05, **P<0.001
between groups).

Figure 2: Characterisation of the 3h THS cardiac dysfunction (CD) model . A)
Modelling strategy: mice subjected to trauma haemorrhage are held at a MAP of 30-40mmHg
for an hour and then resuscitated with shed blood & crystalloid (Resus1) to their original
stroke volume (SV). Mice are then left for a further hour and resuscitated again (Resus 2) and
then left to complete a 3-hour experiment. Animals undergo two echocardiographic-guided
resuscitations at 60 minutes and 120 minutes to baseline SV. B) Progressive decrease of
MARBP despite pre-load resuscitation fluids. C) Serum lactate levels increase steadily after
the 1st resus (3.93 £0.93mmol/L) to T180 post-THS (7.9 £5.19mmoL). D) Left ventricular
end-diastolic volume (LVEDV) does not regain baseline levels despite resuscitation pre-loads
(Baseline: 76.17 £10.15 vs. 180 min 16.40 £12.98 at T180 post-THS; P<0.0001 one-way
ANOVA). E) Cardiac Output (CO; ml/min) and D) SV (uL) indicate the progressive loss of
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LV function despite pre-load resuscitation. This is observed already following the 1st resus
after T60 THS insult, despite temporary increases in CO and SV immediately following
resuscitations (at T60 and T120; see Table 4). G) Following the initial dosing of shed blood
(SB) during the st resus at T60min, the crystalloid fluid require to reach baseline SV is
steadily increased during the 1st and 2nd resuscitation (THS60 min and THs120min,
respectively). E) Impact of CD in the median survival, with 50% decrease survival at
THS180min.

Figure 3: Characterisation of acute cardiac inflammation response in the Trauma
Haemorrhage induced CD murine model (THS). Immunohistochemistry (IHC)
myocardial analysis shows A) a significant increase in neutrophils (% LyG6 cells) and B)
Monocytes/ Macrophages (% Iba-1 cells) in the THS model (T180 min) compared to naive
(p<.0.001** p=0.02%*; two-tailed unpaired t-test). Data is presented as means = SD. C)
Representative IHC microphotographs in heart section in a THA and naive animal (x400) and
zoom insets of the LY6G and Iba-1 staining (red) for the neutrophils and
monocyte/macrophage, respectively, with the nuclei Hoechst staining (blue) in a THS model.
D-H) Flow cytometry assessment of heart-infiltrating leukocytes. D) Representative forward
scatter/side scatter profile and a live cell gate. Following a CD45/side scatter plot to obtain
the CD45+ leukocyte2, Ly6G Hi or low expression with F4/80 plots was used to derived
percentages of pro-inflammatory monocytes (Ly6GHi, F4/80+: M1 phenotype ) and anti-
inflammatory monocytes/macrophages ( Ly6GLow, F4/80+: M2 phenotype). The heart from
THS animals showed a significant increase in the M1:M2 phenotype ratio, compared to the
naive animals. E) A significant presence of neutrophils (% Ly6G+ F4/80- cells) and a high
ratio of inflammatory monocytes (F, G, H; Higher ratio of Ly6GHi, F4/80+ inflammatory
monocytes vs. F4/80+: M2 anti-inflammatory macrophages/monocytes; p<0.001**, p=0.02%*;
one-way ANOVA with post-hoc analysis). Data all presented as means + SD.

Figure 4: Myocardial injury in the trauma haemorrhage induced CD murine model.
TEM shows severe myocardial injury in the heart of THS mice, with interstitial oedema,
widespread disorganisation of the myocardium with relaxation of the sarcomere and poorly
circumscribed mitochondria distributed in a disorderly fashion (A). Significant amounts of
mitochondrial oedema (B) Nuclei shows margination of chromatin, rarefaction of the
nucleoplasm (C) and glycogen depletion (D); and some cardiomyocytes dead cells with
margination of chromatin (E). TEM of sham mice heart tissue shows a well-organised
myofibrils, with mitochondria evenly organised along the cristae sarcomere (F) with intact
nucleus (G) and mitochondria (H). WB analysis of Troponin-I (cTnl) (I) and H-FABP (J)
expression shows elevated levels in the myocardium of THS mice (p=0.06 NS; p=0.04%,
respectively; two-tailed unpaired t-test; means = SD ). K, L) Low caspase 8 expression is
observed in heart of THS mice (; IHC p<0.0001: WB p>0.05 compared to sham animals).

Figure 5: AIF localisation in the trauma haemorrhage induced CD murine model. A)
AIF expression as demonstrated by western blot analysis. The total AIF expression is similar
in the Sham and THS models ( 0.20 vs 0.17, respectively). B) Cellular compartmentalisation
of AIF as demonstrated by WB analysis. Higher proportion of AIF is found outside the
mitochondria in the THS models The mean ratio of mitochondrial AIF (mAIF) to supernatant
AIF (sAIF) is 1.5 in sham compared to 0.4 in THS group, p=0.16. When comparing total AIF
which includes the nucleus, a lower proportion is still found in the mitochondria. Ratio of
mitochondrial AIF (mAIF) to total AIF (tAIF) in sham group is 0.6 compared to 0.3 in THS
animals, p=0.04. This is suggestive of its translocation of the AIF out of the mitochondrion,
potentially to the nucleus, triggering initiation of cells death. IHC sections from TH animals,
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DAPI (blue), AIF (green), MTCO2 (red) and combined images. In the combined images,

localisation of AIF in the nucleus can be seen in the THS (D) which in absent in the sham
animals (C).
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