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1 Introduction 

Polytrauma is defined as an injury to two or more parts of the body as a result of 

violent factors, at least one or the sum of all injuries of which are potentially 

life-threatening [29, 102]. As treatment concepts continue to evolve and clinical 

practice continues to progress, trauma and its complications continue to be one of the 

leading causes of death among young and middle-aged people [18]. The liver is 

protected by the ribcage arch to avoid or reduce the impact of external mechanical 

trauma force. Nevertheless, statistics show that liver injuries account for 

approximately 66% of all abdominal trauma [6, 20]. Hepatic injuries can be graded 

according to the location and severity of the injury. After liver injury has occurred, 

the surgeon needs to carefully consider how much strategy can be applied on patients 

and medicals, depending on the patient's vital signs, complications and blood gas 

analysis [127]. The liver is an important endocrine organ, which not only involved in 

the body's metabolic activities, but is also involved in the removal of harmful factors 

that damage the body. Thus, trauma-induced impairment of liver function does not 

only affect the functional repair of the liver itself, but also other tissues and organs 

[42, 158, 168]. As the liver is the main organ of the body's metabolism, it is necessary 

to positively consider the various factors that can damage the liver after trauma and to 

identify effective measures to prevent any remaining visceral damage that may occur. 

Encouragingly, improvements in diagnostic methods and updated treatment 

guidelines have led to a reduction in mortality due to liver trauma. The overall 

mortality rate for these patients is currently around 10% [103].  

The individual dysfunction of the liver and other organs caused by liver injury 

involves complex pathophysiological mechanisms, which are still not well understood. 

Current research focuses on the following areas: ischaemia-reperfusion injury, 

inflammatory response of the liver and apoptosis [61, 145]. Therefore, a systematic 

understanding of the pathological changes and inflammatory response of the liver 
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after trauma is necessary and beneficial for the prevention and resolution of various 

clinical problems resulting from liver injury. 
 

1.1  Trauma 
 

1.1.1 The Epidemiology of Trauma 
 

Although mortality due to trauma has declined significantly in developed countries 

with the advancement of modern medical technology, improved diagnosis and a better 

medical environment, trauma remains a common contributor to death in young people 

under the age of 40 [13, 109, 171]. The World Health Organization evaluated about 

5.8 million annual deaths worldwide by trauma [45, 74]. The high incidence of the 

disease pattern not only brings misfortune to individuals and families but also places a 

heavy burden on society. According to statistics, the total economic cost of traffic 

accidents in China in 2017 was 72.6 billion US $, equivalent to 0.60% of its gross 

national product in that year [140].  

 

Research data shows that the highest incidence of trauma is within the 25-54 age 

group . The traffic accidents and fall-related injuries are the main causes of death. 

Additionally, the areas most likely to be injured after trauma are, in order, the brain, 

lower extremity, upper extremity, chest and abdomen [155]. Trauma-related mortality 

is usually described as trimodal: instantaneous (minutes), early (hours), and long-term 

(days to weeks). A retrospective study has shown that more than 50% of deaths within 

48h of admission due to trauma are due to uncontrolled exsanguination after injury 

[33]. Development of multiple organ failure (MOF) was the most common cause of 

death in the late stages (61%) [124]. For the long-term (after 7 days) causes of death, 

the MOF was reported as the main cause of death in several studies until the end of 

the last century [5, 96, 115]. However, there is an increasing body of evidence that 

traumatic brain injury (TBI) is the leading cause of death in post-traumatic patients 
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[116]. In Germany, trauma-related mortality rates are polytrauma (45.7%), TBI (38%), 

exsanguination (9.5%) and blunt chest trauma (3.2%) [67]. 

 

Initial tissue damage, exsanguination and subsequent secondary remote organ injury 

induce local and systemic production of endogenous mediators that can operate as 

danger signals, mediators and damage clearance promoters. With release of 

damage-associated molecular patterns (DAMPs) [27]. Recognition of DAMPs by the 

innate immune system triggers both an intense pro-inflammatory immune response 

and a concomitant anti-inflammatory response [27, 87]. Numerous previous studies 

have confirmed that excessive inflammation causes damage not only to the tissues at 

the original trauma site but also to the distal non-traumatized organs [7, 10, 11, 107]. 

Further, the anti-inflammatory response leads to impaired host defences and sepsis, 

which together can lead to multiple organ dysfunctions and ultimately to death [167].  

 

1.1.2 Blunt Chest Trauma 
 

Blunt chest trauma (Txt) may lead to a miserable condition frequently linked to 

structural damage and impaired blood oxygenation. Txt is often not identified until 

after death [24, 134]. The pathological mechanisms of Txt include injury to tissue 

(endothelial and epithelial cells), inflammatory response, increased pulmonary 

microvascular permeability, pulmonary edema, dysfunction of surface active 

substances, dysfunction of the ventilation/blood flow ratio, reduced lung compliance 

and problems in oxygenation [89, 101]. 

 

The Txt is the third most common injury in polytrauma patients following head and 

extremities injuries [131, 138]. It is worth illustrating that blunt pulmonary contusions 

are often associated with multiple injuries, which means that they cause a high 

mortality and disability rate in patients [152]. Because pulmonary contusions are 

mostly caused by strong violence, patients often have rib fractures, 
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hematopneumothorax or other organ injuries, thus increasing the severity and 

complexity of the injury [135]. Most patients recover within 7 days after injury with 

aggressive comprehensive supportive therapy, resulting in a morbidity and mortality 

rate of 10-20% [83]. If not treated properly early, it could arise further to develop 

acute respiratory distress syndrome (ARDS), turning the morbidity and mortality rate 

as high as 14 ~ 40% [26]. When ARDS occurs in patients, the consequences of 

respiratory failure are obvious as the exchange of oxygen between the lungs and the 

outside world is restricted and the regulation of blood oxygen is imbalanced. 

According to statistics, approximately 19% to 70% Txt of patients develop ARDS [2, 

36]. The ARDS is a diffuse alveolar injury that can cause increased capillary 

permeability leading to pneumonia and pulmonary edema, and ultimately to 

respiratory failure in patients [4, 144]. Therefore, it is particularly important to 

monitor oxygen saturation at the bedside in patients with polytrauma, especially those 

with Txt. 
  

1.1.3 Traumatic Hepatic Injury 
 

The liver is the most common type of abdominal trauma. Severe and complex liver 

injuries (grade III to IV) are likely to be complicated by hemorrhage and shock. The 

traffic accidents are the main cause of liver trauma, accounting for 49% of cases [16]. 

The clinical findings of liver trauma are right upper abdominal pain extending to the 

right shoulder in some cases, hypotension and hemorrhagic shock, and biliary 

peritonitis accompanied by diffuse pain without intestinal paralysis.  

 

The lacerations with involvement of the hepatic veins are correlated with an increased 

risk of arterial injury requiring surgical treatment [106]. However, hepatic 

ischemia-reperfusion injury can occur after surgical resuscitation, especially when 

surgical control of hemorrhage and repair of liver injury often involves brief blockage 

of portal flow to control hemorrhage and improve hemodynamics and subsequent 

reperfusion [91, 108]. Tissue ischemia and hypoxia up to a certain level and time will 
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lead to cellular damage. Instead of reducing or recovering from the damage, the tissue 

and cell death are accelerated when the blood is supplied again to the ischemic and 

hypoxic tissues [49]. This restoration of blood supply to ischemic tissues does not 

guarantee the restoration of function of the damaged cells, and under certain 

conditions, it aggravates the damage, which is called ischaemia-reperfusion injury 

(IRI) [129]. 

 

IRI is a dynamic clinical process, and its development and regression can directly 

affect the choice of clinical treatment. The liver is the largest digestive organ in the 

body, and it is the center of substance metabolism on the one hand and an important 

immune organ on the other. A variety of stress hormones, mediators and cytokines 

produced during traumatic stress can lead to damage and functional changes of 

hepatocytes through direct or indirect pathways. The damage and functional changes 

of hepatocytes will definitely affect the stress regulation function of the body. The 

liver also plays an important role in the occurrence of multi-organ failure, and the 

changes of liver function will affect the prognosis and regression of the body. 

Aggravation of liver injury will lead to the occurrence of multi-organ failure [92]. 
 

1.1.4 Femoral Fracture 
 

Patients with polytrauma frequently (84.1%) suffer from fractures of the femoral shaft 

[35, 117]. Although the probability of bilateral femoral fractures in a single trauma is 

low (1-7%), the mortality rate is high [159]. The main reason behind the high 

mortality rate is the susceptibility to acute respiratory distress syndrome [104]. 

 

The choice of treatment modality for patients with multiple traumatic femoral shaft 

fractures and the comparison of outcomes has been controversial, with the prevailing 

view being that there are two modalities, namely external fixation and intramedullary 

nailing. External fixation is generally used for patients with open fractures. The 

advantage of this surgical method is that it avoids osteonecrosis due to non-healing of 
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the wound. If the surgical method of internal fixation is used, it can easily lead to 

osteomyelitis in the event of wound or inflammatory irritation at the fracture site. The 

choice of intramedullary nailing for femoral shaft fractures in patients with multiple 

injuries may lead to a significant increase in inflammatory factors in the postoperative 

period and a possible 'second insult' phenomenon. The reasons for this phenomenon 

may be related to the time of surgery, extend of blood loss, vasodilation and the 

method of intramedullary nail insertion [22, 73]. It is worth noting that patients with 

multiple fractures of the femur with concurrent hepatic ischaemia-reperfusion injury 

may release large amounts of inflammatory factors and trigger local and distant 

inflammatory reactions in the liver due to ischaemia-reperfusion injury [108]. The 

mechanism by which this inflammatory response affects fracture healing is still 

unclear. Furthermore, it has been documented that in patients with severe injuries, the 

inflammatory response progresses due to organ dysfunction and that secondary blows 

from internal fixation of the fracture can exacerbate the inflammatory response and 

subsequently lead to ARDS or MOF leading to death [28, 34]. 

 

 

1.1.5 Traumatic Haemorrhagic Shock 
 

Traumatic exsanguination is a common clinical pathological process. When patients 

are in the traumatic exsanguination condition, their tissue cells are in an 

oxygen-deprived microenvironment. The resulting microcirculatory disorders are very 

destructive and can even lead to shock in severe cases [77, 119]. Traumatic 

haemorrhagic shock refers to the patient's massive blood loss caused by trauma, 

which leads to ischemia and hypoxia in tissues and organs due to insufficient effective 

circulation, resulting in metabolic disorders and other pathological changes, 

eventually leading to MOF [58, 123]. The incidence of MOF is high in cases of severe 

trauma and remains a major cause of morbidity and mortality (approximately 33%) 

[99, 141]. Massive bleeding in traumatic patients results in tissue hypoxia which can 

activate a series of inflammatory factors through hypoxia-inducible transcription 
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factor (HIF) and other pathways driving inflammation [118, 157]. Inflammation is, on 

the one hand, the body's defence response to damaging factors. But on the other hand, 

the inflammatory response itself is a destructive factor to the tissue. The inflammatory 

response also aggravates tissue hypoxia. Mutually, the damage effect is continuously 

amplified, which in turn leads to a vicious circle of metabolic acidosis, coagulation 

disorders, and hypothermia in patients [132]. If this vicious cycle is not intervened in 

a timely manner, the patient's disease course often deteriorates dramatically or even 

leads to death. 
 

1.2  Hepatic Response to Major Trauma 
 

1.2.1 Pathophysiological Changes 

 

It is known that 5-10% of patients with severe liver injury or multiple injuries develop 

liver failure, which is a major cause of death or poor prognosis [170]. The underlying 

mechanisms involve an altered internal and external cellular environment and a 

dysregulated perfusion, which in turn lead to barrier failure and apoptosis, and could 

cause liver dysfunction. Numerous pathological states have been repeated in the 

context of hepatic ischaemia-reperfusion injury and hepatic excisional injury [90, 

125]. It is therefore particularly important to dynamically monitor liver function 

following trauma in a timely manner. Commonly used clinical measurements 

currently include the liver transaminases alanine aminotransferase (AST), aspartate 

aminotransferase (ALT) and alkaline phosphatase (ALP). Patients in shock can 

develop dramatic increase in blood levels of AST and ALT in the liver (up to 20 times 

the normal level) which is also called ischaemic hepatitis [126]. The markers AST 

and ALT were originally defined as indicators of liver damage [41, 62]. AST is 

widely distributed throughout the organism. It is not only found in the cytoplasm and 

mitochondria of hepatocytes, but also in the cardiac muscle, skeletal muscle and the 

brain. Therefore, it lacks specificity as a marker of liver damage. In humans, ALT1 is 
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found in particularly high concentrations in the hepatocyte cytoplasm and ALT2 is 

expressed at high levels in adipose tissue, the kidney and the brain. Therefore, the 

ALT1 concentration better reflects hepatocyte damage compared to AST2 [78, 148]. 

ALP increases when the tubular membrane of hepatocytes is disrupted. It is 

transferred to the based surface of the hepatocyte with the gap in the tubular 

membrane and subsequently permeates to the serum and leads to an elevated 

concentration of ALP being detected [163].  
 
Direct-liver trauma IRI is a common pathophysiologic process in multiple injuries, 

haemorrhagic shock or major liver surgery [55, 79]. During ischaemia, the first thing 

that occurs in hepatocytes due to the lack of adequate oxygen supply is a reduction in 

ATP metabolic activity with increased glycogen consumption. During the subsequent 

reperfusion phase, oxygen-induced systemic and mitochondrial reactive oxygen 

species (ROS) production further exacerbates liver injury. Ischemia-induced cellular 

dysfunction and death also leads to the production of damage-associated molecular 

patterns (DAMPs), including histones, mitochondrial DNA and 

High-Mobility-Group-Protein Box 1 (HMGB-1), as well as inflammatory mediators 

such as IL-6. The liver-system interaction activates the local immune system, 

including neutrophils, Kupffer cells, dendritic cells, natural killer cells (NK cells), and 

T cells [146, 150]. Hepatic IRI stimulates the production of chemokines and 

chemoattractants (such as complement activation products), which further enhances 

liver immune cell recruitment from the circulation. Besides, assisting in the clearance 

of damaged and infected cells, immigrated cells can cause host damage and 

exacerbate IRI, creating a “vicious circle” of liver damage [50, 166]. According to the 

type of damage they cause to liver cells, IRI associated with the liver can be classified 

into two categories: 1) warm IRIs, which result from the damage to liver cells 

following injury or haemorrhage at body temperature (including minor temperature 

fluctuation); 2) cold IRI, which occurs during cryopreservation of the liver which 

causes mainly endothelial cell damage and microcirculatory disturbances in the liver 

sinusoids [38, 54, 166]. The resulting inflammatory immune response can produce 
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direct or indirect cytotoxic effects in addition to the metabolic changes caused by 

glycogen consumption, hypoxia, and ATP depletion [166]. IRI of the liver appears to 

have "holistic" consequences, affecting not only the lungs and kidneys, but also the 

intestines, adrenals, brain, and many other organs [97]. Hence, the study of how to 

reduce the damage to the liver itself and other organs after trauma the liver IRI is of 

great importance to improve the outcome of trauma patients and their prognosis. 

 

1.2.2 Intracellular Calcium Overload 
 

As of now, the exact mechanisms of liver IRI are still unclear [76]. However, it has 

been found that the onset and development of IRI is associated with calcium overload 

and the production of ROS [25]. However, intracellular calcium overload appears to 

have a greater effect on IRI [15]. There are three mechanisms that can be used to 

maintain the concentration of intracellular Ca2+ at relatively low levels under natural 

physiological conditions: cell membrane selective permeability, ion pumps, and the 

endoplasmic reticulum. An increase in intracellular calcium ion transfer to the 

extracellular space during hepatic IRI is caused by a decrease in intracellular 

adenosine triphosphate (ATP). Furthermore, Ca2+ is released from the endoplasmic 

reticulum [44].  
 

1.2.3 Oxidative Stress Response 

 

Trauma- or shock-induced IRI to the liver manifests as an aseptic inflammatory 

response. This type of inflammatory response is characterized by excessive 

production of ROS and is usually accompanied by a predominant activation at the 

level of the innate immune system [100, 149, 150]. During the early stages of IRI 

development, the sources of ROS production are hepatic epithelial cells and 

predominantly Kupffer cells. In the late stage of IRI, migrating, aggregated and 

activated neutrophils are the main source of ROS production [14]. A wide variety of 
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enzymatic reactions are also capable of producing ROS in mammals, but four 

enzymatic systems predominate: nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, xanthine oxidase, nitric oxide (NO) uncoupling synthase, and 

mitochondrial electron transport chain. After trauma, the amplifying effect of the 

cascade reaction not only promotes enzyme interactions but also stimulates ROS 

production and oxidative stress even more [153]. The liver accumulates neutrophils 

migrating from various parts of the body during the later stages of IRI. As a result of 

the binding of CD11b/CD18 on neutrophil surfaces to ICAM-1 on hepatocyte 

surfaces, neutrophils activate NADPH oxidase, which eventually leads to the 

production of superoxide anion [12, 70, 93]. However, the liver and other organs can 

be irreversibly damaged and die when ROS levels are high, leading to imbalances in 

oxidation and antioxidant systems. 

 

1.3 Inflammatory Response 

Patients with severe tissue damage, turn the organism vulnerable to DAMPs and 

hypoxic damage. This is a prerequisite for the development of local and systemic 

aseptic inflammatory reactions. The ultimate consequence is the massive release of 

chemokines and cytokines into the blood, which further aggravates the tissue damage 

[50]. Inflammatory mediators and DAMPs are primarily sensed by pattern recognition 

receptors (PRRs) [162]. Various PRRs and complement receptors on various cells 

including hepatocytes transmit the danger signals to intracellular pathways and 

thereby provide a cellular defence response [50]. 

 

1.3.1 Hepatocytes 

Several DAMPs, including HMGB1, ATP and mitochondrial DNA, are released by 

hepatocytes that have been exposed to trauma or stress [71], bind to PRRs such as 

toll-like receptors (TLRs) in the cytoplasm or on cell surfaces [1, 63]. A range of 

TLRs expressed by hepatocytes exert powerful immune effects against DAMPs and 

other early deleterious factors [81, 142]. Both hepatocytes and Kupffer cells express 
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TLR2,3,4, with the difference that hepatocytes express TLR5 and Kupffer cells 

express TLR9 [17]. Interestingly, TLR acts as an immunosurveillance receptor, but 

nevertheless may contribute to tissue damage during IRI by enhancing the 

inflammatory response and further exacerbating it [60, 75]. Of note, Although the 

small amount of ROS produced by the hepatocytes themselves does not cause 

significant cell damage, these ROS can induce the release of HMGB1 into the blood. 

HMGB1 binds to TLR4 on the surface of Kupffer cells and induces an inflammatory 

response leading to the production of more ROS, which may lead to a vicious cycle 

[14]. 

1.3.2 Kupffer Cells 

 

For an effective inflammatory response, Kupffer cells (KCs) in the liver are required. 

They are the largest population of macrophages in the body [110]. KCs are a type of 

macrophage that serves a defensive purpose by engulfing tissue debris after trauma. 

However, in the early stages of reperfusion, activated KCs can produce ROS and 

pro-inflammatory factors including tumour necrosis factor (TNF)-α, IL-1β, IL-2, IL-6, 

IL-10, IL-12 and IL-18 [14, 23, 136] (Figure 1). The cascade of TNF-α and other 

inflammation mediators is critical in contributing to the development of liver injury. 

TNF-α recognises and binds to receptors on the surface of hepatocytes, thereby 

activating nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK), 

leading to liver damage [1]. TNF-α secreted by KCs further promotes the recruitment 

and aggregation of inflammatory cells by upregulating the expression of ICAM-1 and 

vascular cell adhesion molecule (VCAM)-1 [56]. In addition, necrotic KCs can also 

secrete HMGB1, which acts as a strong DAMP and induces strong inflammatory 

signals [147]. There is a persistent trend towards increased levels of HMGB1 in the 

liver in the 24 hours following trauma [68]. Activated KCs damage hepatocytes and 

sinusoidal endothelial cells, ultimately resulting in necrosis of the hepatocytes [21]. 
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1.3.3 Neutrophils 

When the body suffers trauma or is in ischaemic decompensation, the neutrophils that 

migrate from the blood vessels into the liver remove tissue debris but also can damage 

the hepatocytes in different ways [1]. It is the damaged mitochondria and activated 

complement that activate neutrophils after trauma. The damaged mitochondria secrete 

large amounts of DAMPs, while complement activation produces anaphylatoxins. 

Both are jointly involved in the activation of neutrophils [51, 167]. Activation of 

neutrophils results in their massive accumulation in the liver and the consequent 

increase in liver levels of CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1). The 

increased LFA-1 and Mac-1 appeal to ICAMs and attach themselves to the liver 

endothelium. In turn, neutrophils migrate along a gradient of chemoattractant activity, 

like anaphylatoxins and macrophage inflammatory protein-2 (MIP-2) [57]. The ROS 

released by neutrophils passing through the liver sinusoids and accumulating in the 

liver tissue interstitium also damage the liver tissue [94, 160, 164]. At later stages of 

IRI progression, various proteases released by neutrophils, including collagenases, 

elastase, and cathepsin G, may further damage the hepatocytes [85, 111] (Fig 1) 

 

 
Figure 1: Immune response induced by IRI due to multiple injuries and haemorrhagic shock. 

Trauma-induced IRI damage causes activation, apoptosis and necrosis in hepatocytes, Large amounts of 

inflammatory factors such as High-Mobility-Group-Protein Box 1 (HMGB1), reactive oxygen species (ROS) and 
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interleukins cross the Disse Space and enter the bloodstream to participate in the inflammatory response, causing 

tissue fibrous alteration. Activated hepatocytes themselves can also produce numerous inflammatory mediators, 

such as complement component 1r (C1r), which can also participate in the local or systemic inflammatory 

response [43, 128, 169]. The inflammatory mediators released into the bloodstream not only damage the liver cells 

themselves, but also distal organs such as the brain, lungs and bones. Image was made by powerpointr. 

 

1.4 Liver as the primarily damaged organ 

 

Cytokines and inflammatory mediators released by Kupffer cells in IRI are a principal 

source of systemic inflammatory cascade multiplication, as demonstrated in a model 

of liver transplantation-induced IRI [30]. Although the mechanisms of activation of 

the inflammatory response by DAMPs and related inflammatory mediators remain 

unclear, it is generally accepted that PRRs receive inflammatory signals from DAMPs 

and induce the development of SIRS. After the occurrence of SIRS, the distal brain, 

lung and kidney are affected at varying degrees due to the “cytokine storm”, clinically 

manifesting as a multi-organ dysfunction syndrome [57, 139]. The liver, as the largest 

metabolic organ in the body, is also the central target organ for the systemic 

inflammatory response attack in this systemic storm of inflammation [88]. Moreover, 

a dramatic alteration in the transcriptome of extrahepatic organs suggests that the 

serum metabolite-mediated crosstalk between the liver and extrahepatic organs 

contributes significantly [168]. 

 

Fractures of the pelvis and femur can lead to traumatic haemorrhagic shock in a short 

period of time with blood loss exceeding 500 ml or more, leading to severe liver IRI 

and subsequent aseptic inflammation. However, bone formation and bone repair 

cannot be achieved without various growth factors. The liver is involved in bone 

metabolism through the regulation of parathyroid hormone (PTH) and the synthesis of 

growth factors such as insulin-like growth factor (IGF)-I and IGF-II [19, 66]. PTH 

regulates calcium and phosphorus metabolism in vertebrates, increasing blood 

calcium levels, decreasing blood phosphorus levels and inducing liver production of 

IL-6 to affect bone metabolism [86]. Moreover, it can increase the activity of various 
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bone molecules, shorten the half-life of bone factors, and affect their circulation levels 

in the body [95]. Haemorrhagic shock caused by multiple fractures often leads to 

hepatic IRI [151]. Lack of timely and effective treatment after trauma is an important 

factor contributing to liver damage and many therapy also affect fracture healing. 

Some clinical studies have demonstrated significant inflammatory factor activity in 

the liver 1h after trauma, while AST peaks 5h after trauma [69]. Inflammatory factors 

released from femoral fractures interact with inflammatory factors released from 

hepatic IRI, but the mechanisms regarding the impact on fracture healing remain 

unclear. Although it has been suggested that both local inflammation and systemic 

influence can impair fracture healing, the mechanism of action still requires further 

study [9, 48, 168]. For this reason, further investigation are required to define how 

inflammatory factors produced after liver injury affect fracture healing and what 

effective interventions are available. 

 

1.5 Aim of the Study 

 

Bilateral femoral shaft fractures combined with ischemia-reperfusion liver injury 

represent a critical state of neurological and humoral regulation. Thus, there are serval 

questions to be addressed: What are the changes in liver function during bilateral 

femoral fractures combined with ischemia-reperfusion liver injury in the setting of 

multiple injuries? Do the changes in liver function affect the healing of the fracture? It 

is important to discuss these questions for the proper management of multiple trauma: 

How to apply appropriate immunotherapy to avoid aggravating the existing organ 

damage? 

 

The ischemic tolerance of the liver to trauma in the setting of polytrauma with 

combined pulmonary contusion, hepatic dissection, and bilateral femoral shaft 

fractures is uncertain. The contribution of various cytokines released after liver injury 

to the liver itself and distal organs still needs to be explored.  
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Therefore, we hypothesized that experimental polytrauma results in an alteration of 

liver mediators relevant for inflammation and bone fracture repair; and furthermore, 

that this response is improved by an immunomodulation approach targeting 

complement factor C5 and TLR-coreceptor CD14. 
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2. Material and Methods 

 

2.1 Animals 

 

In this study, all experiments were carried out in accordance with German Animal 

Research Legislation and in compliance with the "Principles for the Care of 

Laboratory Animals". The official permission was granted by the Office for Nature, 

Environment and Consumer Protection of the State of North Rhine-Westphalia (the 

State Agency for Nature, Environment and Consumer Protection North 

Rhine-Westphalia (LANUV), the official number was AZ 81-02.04. 2020.A215. The 

Office for Nature also approved all experimental protocols. Male pigs (German 

Landrace) aged between 12 and 16 weeks (weight 35±5 kg) were kept on a 12-hour 

day/night rhythm for 7 days prior to the experiment to acclimatize to their 

surroundings. Before the start of the experiment, all animals were provided by a 

disease-free breeding facility, and examined by a veterinarian upon delivery. 

 

All data presented in the paper were collected in the context of a larger study in order 

to benefit from the 3R (replacement, refinement, and reduction) principle. 
 

2.2 Instruments 
 

 
0.2 mL Thermo - Strip Thermo ScientificTM, USA 

1 mL syringe BD Biosciences, USA 

10mL syringe BD Biosciences, USA 

50 mL syringe BD Biosciences, USA 

96-well microtiter plate Thermo ScientificTM, USA 

96-well plate Thermo Scientific, USA 
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Animal lancet Paul Danz, Germany 

Arterial line Vygon, Germany 

Biopsy and embedding cassettes VWR Histosette, Germany 

Bolt gun machine Blitz-Kerner, turbocut JOBB GmbH, 
Germany 

Cannula 30G Braun Melsungen, Germany 

Cattle-killing cartridges DynamitNobel AG, Troisdorf, Germany 

Central venous line Teleflex Medical, Germany 

Centrifugation concentrator Sartorius, Germany 

Cover slips Menzel GmbH, Germany 

Cytoside Fisher Scientific, USA 

Cytoside shandon filter card Fisher Scientific, USA 

Disposable weighing dishes VWR Histosette, Germany 

EDTA microtube Monovette, Germany 

Eppendorf reaction tube 0.5 mL Eppendorf, Germany 

Eppendorf reaction tube 1.5 mL Eppendorf, Germany 

Eppendorf reaction tube 2.0 mL Eppendorf, Germany 

External fixation (Radiolucent Fixator) Orthofix, USA 

Falcon 15ml tube BD Biosciences, USA 

Falcon 50ml tube BD Biosciences, USA 

Intramedullary nailing Stryker, Duisburg, Germany 

Non-woven compresses Goldenrod, USA 

Orotracheal intubation Hi-Lo LanzTM, ConsuMed, Germany 

Pipette reservoir Biozym Scientific, Germany 

Pipette tip 0,1 - 1 µL with filter Brand Germany 
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Pipette tip 0,5-10 µl Sarstedt, Germany 

Pipette tip 0.5-10 µL with filter Sarstedt, Germany 

Pipette tip 10-200 µL Sarstedt, Germany 

Pipette tip 10-200 µL with filter Sarstedt, Germany 

Pipette tip 10-300 µL Sarstedt, Germany 

Pipette tip 100-1000 µL Sarstedt, Germany 

Pipette tip 100-1250 mL with filter Sarstedt, Germany 

QIAshredderTM Qiagen, Germany 

QubitTM assay tube Invitrogen, USA 

RNase ZapTM Sigma – Aldrich, Germany 

Screw tube Sarstedt, Germany 

Sealing strips for 96-well PCR plate Thermo Scientific, USA 

Surgical Disposable Scalpel Braun Melsungen, Germany 

Three-lumen haemodialysis catheter Teleflex Medical, Germany 

Ultracentrifuge tube Beckman Coulter, USA 

 

 
 

2.3 Machines 
 
Automated chemistry analyser Ortho-Clinical Diagnostics, USA 

Automated haematology analyser Nihon Kohden, Japan 

Automatic pipette Brand, Germany 

Balance M-power Sartorius, Germany 

Centrifuge Fresco 21 Thermo Scientific, USA 

Centrifuge Maxifuge 3SR+ Thermo Scientific, USA 
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Cuntura razor Wella, Germany 

Fluorometer Invitrogen AG, USA 

Freezer -20℃ Bosch, Germany 

Freezer -80℃ Thermo Fisher Scientific, USA 

Homogeniser Ultra-Turrax T25 IKA Werke, Germany 

Intraoperative animal warming system Föhr Medical Instruments, Germany 

Light microscope: Zeiss Axio Imager 
 

Carl Zeiss, Germany 

Microscope “CK2” Olympus, Japan 

Microtome slee cut 6062 SLEE medical, Germany 

Multichannel pipette 20-200µl VWR International, USA 

Multichannel pipette 5-50µl VWR International, USA 

Multichannel pipette 50-300µl VWR International, USA 

Multipette plus Eppendorf, Germany 

Pipetboy accu Integra biosciences, Germany 

QIAshredder homogenizer Qiagen, Germany 

Recording monitor LCD TFT Dell, USA 

Tecan Sunrise Plate Reader Tecan, Switzerland 

Thermal cycler Stratagene, USA 

Transferpette S 1000µl Brand, Germany 

Transferpette S 100µl Brand, Germany 

Transferpette S 10µl Brand, Germany 

Transferpette S 200µl Brand, Germany 

Transferpette S 20µl Brand, Germany 

Ultrasonic homogeniser UW 2070 BANDELIN, Germany 
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Vortex Genie 2 Scientific Industries, USA 

 

2.4 Kits and regents 
 
AffinityScript cDNA Synthesis Kit 
 

Agilent Technologies, USA 

ALP primer Biomer.net, Germany 

Bicinchoninic Acid Protein Assay Kit Thermo Scientific, USA 

cDNA Synthesis Kit Agilent Technologies, USA 

Dako REALTM Detection System Agilent Technologies, USA 

Housekeeping Gene (GADPH) Biomer.net, Germany 

IL-10 primer Biomer.net, Germany 

IL-2 primer Biomer.net, Germany 

IL-6 primer Biomer.net, Germany 

MPO antibody Abcam, Germany 

OCN primer Biomer.net, Germany 

OPG primer Biomer.net, Germany 

OPN primer Biomer.net, Germany 

Pig OPG ELISA Kit Lsbio, USA 

Porcine RANK ELISA Kit Mybiosource, USA 

Porcine RANKL ELISA Kit Mybiosource,USA 

RANK primer Biomer.net, Germany 

RANKL primer Biomer.net, Germany 

RNase - free DNase - set Qiagen, Germany 

RNeasy® Mini Kit Qiagen, Germany 

TGF-β primer Biomer.net, Germany 
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TLR4 primer Biomer.net, Germany 

 
 

2.5 Reagents , Buffer and Chemicals 
 
Aqua Ampuwa rinsing solution Fresenius Kabi, Germany 

Azaperone Elanco, USA 

Bovine serum albumin (BSA) Sigma – Aldrich, Germany 

Crystalloid infusion Sterofundin® ISO, Germany 

Diethyl pyrocarbonate (DEPC) Ambion, USA 

DPBS (1X) without Ca2+ & Mg2+ Thermo Scientific, USA 

EDTA-free protease inhibitor mix Roche, Germany 

Ethanol pure Sigma – Aldrich, Germany 

Ethylenediaminetetraacetic acid Lonza, Switzerland 

Fentanyl 0.5mg/10ml Rotexmedica, Germany 

Formaldehyde - solution Fischar, Germany 

Haematoxylin solution Sigma – Aldrich, Germany 

Midazolam 5mg/ml Rotexmedica, Germany 

NaCl 0.9% Fresenius Kabi, Germany 

Neo-Mount Sigma – Aldrich, Germany 

Norepinephrine 1mg/ml Arterenol, Germany 

Paraffin McCormick, Germany 

Pentobarbital Narcoren, Germany 

Potassium chloride Pascoe, Germany 

Propofol 1% Fresenius Kabi, Germany 
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Protease inhibitor cocktail P8340 Sigma Life Sciences, USA 

Tetramethylbenzidine (TMB) LSBio, USA 

TMB Substrate Reagent Set 
 

LSBio, USA 

Tissue-Tek OCT embedding solution Sakura Finetek, USA 

TRIS - EDTA buffer solution Thermo Scientific, USA 

Tris-buffered saline (TBS) Sigma – Aldrich, Germany 

Tween 20 Sigma – Aldrich, Germany 

Xylene VWR International, USA 

β- Mercaptoethanol Sigma – Aldrich, Germany 

 
 
 
 

2.6 Software and Tool 

 

Software applied for the experiment is enumerated as follows: 

 

BioRender 

GraphPad Prism 7 

ImageJ 2018 

Microsoft Office 2016 

SigmaPlot 11.0 

Zeiss AxioVision SE64 Rel. 4.9 
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2.7 Methods 

 
Figure 2: Trauma modelling. The pig experiments were performed at the RWTH Aachen. Anesthesia and 

analgesia was applied during the whole expected course. Polytrauma included liver injury, blunt chest injury, 

femoral fracture and haemorrhagic shock. Blood samples were taken at 0 h, 1.5 h, 2.5 h, 24 h, and 48 h after the 

model was established, and blood and other tissue samples were taken at 72 h. A bolus of C5 inhibitor (5 mg/kg) 

30 min post-trauma with a subsequent continuous infusion (1.1 mg/kg/h) until 72 h after the trauma, and 

anti-CD14 inhibitor boluses of 5 mg/kg at 30 min, 12 h, and 30 h and of 2.5 mg/kg at 60 h post-trauma. C5 = 

Complement 5. CD14 = Cluster of differentiation 14. Image prepared by self. 

 

 

2.7.1 Preoperative preparation  

Premedication was performed by intramuscular injection of azaperone (4 mg/kg BW). 

Intraoperative anaesthesia was routinely induced and maintained with Propofol, 

Fentanyl, and Midazolam. Then, a mechanical ventilation was allowed by placing a 

tracheal intubation. All drugs were administered through a central venous line to the 

animals. Next, the animals were maintained on ventilation using a closed anaesthesia 

device. The flow-controlled mode was used to ensure a pressure limit of Pinsp of 30 

cm H2O and lung-protective tidal volumes, achieving a PaCO2 ranging from 35-45 

mm Hg. In order to establish a haemorrhagic shock model at a later stage, a dialysis 

catheter was inserted into the left femoral vein of the animal. To detect blood pressure 

fluctuations, an arterial catheter was positioned in the left femoral artery. In addition, 

the urinary bladder was catheterised via a suprapubic catheter using a 
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mini-laparotomy. The animal's vital signs were continuously observed for stability 

during the establishment of the trauma model, and the time taken to establish this 

process generally took 3-4 hours. When the animal's vital sign values were stable, the 

animal's body temperature was raised by a blower and the animal was covered with a 

blanket. The target body temperature was 38.5 ± 0.5 °C. Furthermore, the simulated 

surrounding during the trauma period was a 21% oxygen environment, which means 

that trauma was induced in a standard air condition. In order to support stabilization 

and ventilation of the pigs, the animals were turned every 4-6 hours. 
 

2.7.2 Trauma modelling and 72 h ICU standard care period 
 

 
Figure 3: Schematic diagram of the pig trauma model. The pigs were subjected to blunt thoracic contusions, 

liver laceration, and femur fractures of both lower limbs respectively. The vital signs of the pigs were dynamically 

monitored to simulate an ICU environment. ECG = Electrocardiography. Image made by self. 

 

2.7.2.1 Haemorrhagic Shock 
 

All experimental animals were strictly monitored for vital signs throughout the 

experiment, especially after finishing the haemorrhagic shock. The haemorrhagic 
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shock was induced as follows. A double-lumen haemodialysis catheter was inserted 

into the right femoral artery and left femoral vein of the animal under aseptic 

manipulation and the animals' arterial pulse was monitored. The animals' blood 

pressure, mean arterial pressure, pulse and heart rate were closely monitored by 

Pulsion Medical's sphygmomanometer. Haemorrhagic shock was induced by drawing 

venous blood from the left femoral vein under pressure control and volume limitation, 

with a targeted mean arterial pressure of 40 ± 5 mmHg. In general, it was necessary to 

withdraw 45% of the total blood volume. The withdrawn blood was saved in blood 

bags for reperfusion inducing induction of reperfusion injury. The total course of 

haemorrhagic shock was maintained for 90 min. After 90 min, the intake of 

crystalloid solution is promptly injected or reduced according to the changes in the 

animals' blood pressure. 

 

 

 
Figure 4: Haemorrhagic shock models. All operations were carried out in a sterile environment and all blood 

drawn was returned to the animal after 90 min. To prevent hypothermia, we maintained the body temperature 

(38.5±0.5 °C) with the WarmTouch® thermal system. Image obtained from Johannes Greven's laboratory. 

 

2.7.2.2 Blunt Chest Trauma 
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The animal was kept in the right lateral recumbent position. The standardised chest 

trauma was induced with the bolt gun during inspiration. This created an isolated, 

unilateral, blunt chest trauma with a lung contusion in the area of the lower and 

middle lobe. A pair of Panels were placed (steel: 0.8 cm and lead: 1.0 cm thick) on 

the dorsal side of the right chest, inferior to the thorax. Setting a bullet through a 

cattle-killing gunshot in this panel induced the blunt chest trauma.  

 

 

 

                          

2.7.2.3 Traumatic Liver Injury 

 

The animals were placed in the supine position on the operation table. The upper 

abdomen was disinfected with an iodophor, and the upper abdomen was dissected to 

enter the abdominal cavity. A transverse wound (4.5 cm * 4.5 cm) was made in the 

middle lobe of the liver to a depth of half the thickness of the liver, allowing 

uncontrolled bleeding for up to 30 seconds. The liver was then wrapped in 10*10cm 

gauze to close the open procedure. 
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Figure 5: Liver trauma model. After a laparotomy and advancement of the liver, a crosswise incision of the left 

liver lobe (4.5 cm * 4.5 cm) was made, which induced uncontrolled bleeding that was not treated in around 30 

seconds. The escaping blood was collected with pre- and posttraumatic weighed abdominal cloths. Next, the 

abdomen was tamponaded around the resected liver with abdominal drapes (liver packing). The abdomen was then 

closed. Wound control and dressing changes were performed daily. Image obtained from Johannes Greven's 

laboratory. 

 

2.7.2.4 Femoral fracture 

 

The animal was placed in a supine position, and the skin area of the femur and groin 

was routinely disinfected with iodophor. The target lower limb was immobilized, and 

the limb on the side to be injured was placed in a mildly externally rotated position. A 

longitudinal surgical incision of approximately 3 cm in length was made in the 

femoral shaft, a T-shaped metal plate was placed on the middle third of the femoral 

shaft, and the T-shaped plate was fired with a bolt gun mechanism and a bull killing 

bullet. The impact was made through the bullet to the T-plate impacting the middle 

femur. 

 

2.7.2.5 Experimental Groups 
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A total of 25 animals were included in this experimental study. Femoral fracture 

repositioning and fixation were performed by a senior surgeon at the RWTH Aachen 

University Hospital and the rest were responsible for the auxiliary work. We 

performed surgical sterilization and aseptic sheeting of the limb on the prepared 

treatment side again after the animals were resuscitated and the femoral fracture was 

surgically stabilized. The fractures were treated using either external or internal 

fixation according to the protocol. Eight animals supported with intramedullary 

nailing (one animal died during the establishment of a multiple injury model) were in 

the Nail group, and eight animals treated clinically with an external fixation system 

were in the Fix ex group. To facilitate comparative studies, we selected 6 non-injured 

animals receiving the same instrumentation, drugs, and treatment regimen, but 

without trauma intervention, as the Sham group. Finally, a group objected to the 

multiple injury models followed by treatment with an intramedullary nailing received 

a simultaneous intravenous infusion of C5 inhibitor and CD14 inhibitor 

immunotherapy named the Nail+Therapy group. The C5 inhibitor we used is 

RA101295 (2-kDa peptide), which was provided by UCB Pharma (Brussels, 

Belgium). rMil2 applied on the animal as recombinant anti-porcine CD14 antibody 

(clone MIL2; isotype IgG2a), made recombinant as an IgG2/4 chimera from the 

laboratory of Professor T.E. Mollnes (Norway). We gave antibiotics intravenously to 

all animals at 24-hour intervals after the trauma model was completed until the end of 

the experiment. 

 

2.7.2.6 Surgical techniques 

 

After the completion of the bilateral closed femoral fracture model, either external 

fixation treatment method or internal fixation treatment method with intramedullary 

nailing were applied to both lower limbs of the same animal. 

 

A: Intramedullary nailing treatment.  
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The pig was placed lateral decubitus on the operating table and the incision site was 

disinfected with iodophor. A lateral incision of the left lower limb of the pig was first 

performed, about 5 cm long, and the skin and subcutaneous tissue were incised layer 

by layer. The lateral bone muscle was separated and distracted to expose and 

reposition the fractured bone. The entry point of the intramedullary nail was located at 

the knee level. This point was first drilled with an electric drill to open the medullary 

canal, and the guide pin was driven from the distal fracture end to the proximal 

fracture end. The intramedullary nail was placed using the guide pin. Afterwards, the 

guide pin was removed and the nail fixed with 4 screws in total (2 at the proximal end 

and 2 at the distal end). After the intramedullary nail was placed, the skin incisions 

were sutured. 

 

Figure 6: Radiographs of femoral shaft fractures treated by internal fixation (Stryker, Duisburg, Germany). 

It is clear from the radiograph that the fracture line in the middle of the femur fracture is clearly visible. The 

fracture end is well reposed and there is no damage to the rest of the bones. The intramedullary nail is fixed in 

place and there are no artefacts such as free fracture fragments, indicating that the fracture model and 

comesponding treatment was successfully performed. Image obtained from Johannes Greven's laboratory. 

  

 

B: External fixation. 

The experimental animals were placed in the lateral decubitus. The right lower limb 

and its groin and other surgical areas were disinfected with iodophor and aseptically 

sheeted. A longitudinal incision of about 4 cm was made on the anterolateral side of 
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the right lower limb, the skin and subcutaneous fascia were incised, and the muscles 

were bluntly separated to expose the fracture line. The soft tissue was removed, and 

the fracture was repositioned using a bone holder. From the anterolateral side of the 

incision, a pin entry point was selected and 4 small longitudinal incisions of 

approximately 0.6 cm were made for the pin placement (2 at the proximal end and 2 

at the distal end). After drilling the holes, 4 pins and external fixation brackets were 

attached, and the brackets were subsequently adjusted and fixed. 
 

 
Figure 7: External fixation for femoral shaft fracture. The external fixation brace T2 system for femoral 

fractures was used. The warmed dressing at the wound was closely monitored during the simulated ICU 

surveillance. Image obtained from Johannes Greven's laboratory. 

 

 

2.7.3 Blood Sampling 

The blood samples used in the study were obtained after resuscitation and surgical 

treatment (0 h) and at 1.5 h, 2.5 h, 24 h, 48 h, and 72 h afterwards. Subsequently, after 

centrifugation at 2000 x g for 15 min at 4 °C, serum and plasma samples were 

transferred to liquid nitrogen or stored in a -80 °C freezer for subsequent experiments. 

At the end of the observation period, animals were given 20 ml Narcoren® (1ml 

Narcoren® corresponds to 160 mg pentobarbital) intravenously and then the animals 

were euthanised i.v. using 40 ml 1-M potassium chloride, i.e., 1.14-1.33 ml/kg/bw 

(1ml potassium chloride corresponds to 74.5 mg potassium chloride). The whole 

blood was collected in sterile plasma EDTA microtube (Monovette®). Then, 10% 

EDTA-free protease inhibitor mix (Roche) were added and incubated for 10 min on 

ice. After centrifugation for 10 min at 4000 rpm and 4 ℃, the plasma was snap frozen 

in liquid nitrogen and stored at -80 ℃. 
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2.7.4 Liver Sampling 

Samples were taken from the left lobe of the untraumatized liver and cut into 1.5 

cm*1.5 cm size samples. One portion was placed in an embedding cassette and 

subsequently transferred to a formalin solution for fixation (24 h). In addition, the 

other part of the sample was immediately placed in Tissue-Tek OCT embedding 

solution, quickly frozen on the dry ice, and stored in a -80 °C freezer until sectioning. 

Finally, the samples of the left liver lobe were obtained and divided into 1 cm*1 cm 

size to transfer into Eppendorf reaction tubes. Three samples were placed in each tube 

and rapidly cooled by liquid nitrogen and stored these samples in the -80 °C freezer. 

 

 

2.7.5 Analysis of liver damage marker   

 

An automated biochemical analyser (VITROS 350; Ortho-Clinical Diagnostics, 

Raritan, NJ, USA) of the clinical chemistry laboratory of the RWTH Aachen 

University Hospital was used for the analysis of ALP, ALT, and AST. The levels of 

Protein, ALP, ALT, and AST in the whole blood of different time points (0 h, 1, 5 h, 

2.5 h, 24 h, 48 h and 72 h after the onset of trauma) were quantified by the automated 

biochemical analyser. 

 

2.7.6 Histological analysis 

 

Haematoxylin-Eosin staining 

 

To compare the liver injury in different groups, we prepared paraffin sections of 

individual liver tissue samples and the performed experimental staining of the tissue 

sections using haematoxylin-eosin (HE) staining. 
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Liver tissues were well soaked in 10% neutral phosphate-buffered formalin solution. 

It was dehydrated by gradient concentration ethanol and treated with xylene solution 

for transparency. The processed samples were embedded in hot-melted paraffin wax. 

The tissue slides were dewaxed and hydrated before HE staining. Subsequently, they 

were stained sequentially with haematoxylin, 1% hydrochloric acid ethanol 

fractionation and weak alkaline aqueous solution. Finally, the sections were immersed 

in eosin staining solution to complete the staining. 

 

For long-term preservation of the samples, the stained sections were dehydrated by 

ethanol and transparently treated with xylene. Finally, the sections were sealed with 

neutral resin, and the histomorphology was observed under the microscope on the 

next day and the damage scoring was completed. 

 

Scoring  

Each sample was observed under the microscope, and the samples were assessed with 

HE staining. Ten different fields of view were taken under light microscopy to 

observe erythrocyte sludges, vacuole formation, necrosis (loss of cytoplasmic staining, 

nuclear consolidation, nuclear lysis and nuclear disappearance) and inflammatory cell 

invasion (neutrophils) in the liver tissue. Criteria: 0: no necrosis, no bruising and no 

hepatocyte vacuolation; 1. very slight bruising and fine vacuolation (< 10%), 

occasional single cell necrosis; 2: mild bruising and vacuolation (11%-30%), mild 

tissue necrosis (< 30%); 3: moderate to severe bruising, vacuolation and tissue 

necrosis (31%-60%).The level of inflammation in each group according to the 

number of neutrophils. No neutrophils in the visual field represented a score of 0, 

between 1 and 2 neutrophils expressed a score of 1, 3-4 neutrophils stated a score of 2, 

to have 5-6 neutrophils indicated a score of 3 and over 6 neutrophils denoted a score 

of 4. 
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Table 1: Liver score (at x400 magnification). None (extent＜ 0%) for 0 point; mild (extent: 

1%~30%) for 1 point; moderate (extent: 31%~60%) for 2 points; serve (extent:＞60%) for 3 points. 

RBC = red blood cell. 

Visual 

field 

Field 1 2 3 4 5 6 7 8 9 10 Average 

point 

Congestion + Red 

Blood Count (RBC) 

Points            

Vacuolization Points            

Necrosis Points            

Inflammation 

(PMN) 

Points            

Average point             

 

2.7.7 Real-time quantitative polymerase chain reaction (RT-qPCR) 

 

A. Extraction of ribonucleic acid (RNA) 

We added 600 μl of working solution (10 μl of β-mercaptoethanol per 1 ml of Buffer 

RLT) to each 1.5 ml sample tube containing tissue fragments. Then the homogenized 

samples were transferred from all the Eppendorf reaction tubes (2 ml) to QIAshredder 

tubes using a pipette. Then the samples were centrifugated at 21,000 g (max speed) 

for 2 min and the suspension was aspirated carefully into Microtube tubes (2 ml). 

Then we added 600 μl of 70% ethanol to each tube and mix thoroughly. After that, 

700 µl of the homogenate was transferred to a RNeasy tube and centrifuged at 8000x 

g for 15 s. After transferring to a RNeasy tube, 350 µl of Buffer RW1 was added to 

the tube and continued to centrifuge at 8000xg for 15 s. Then the filtrate was 

discarded. Mixed 70 µl of buffer RDD solution with 10 µl of DNase I stock solution, 

noted as D solution. By withdrawing 80 μl of D solution into the RNeasy and 

allowing the mixture to react for 15 min on the bench. 350 μl of Buffer RW1 was 

absorbed into the RNeasy tube and centrifuged at 8000 g for 15 s, then the filtrate was 

discarded in the collection tube. The procedure was repeated three times. Following 

centrifugation at maximum speed for 1 min, sample RNA was extracted by applying 

50 μl of RNase-free water to the RNeasy tube and centrifuging at 8000 g for 1 minute. 
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The RNA concentration was measured by pipetting 1μl of RNA sample into the 

working solution with an RNA concentration detector. If the concentration was less 

than 100 μl/ml the sample was extracted again. Lastly, all samples were stored in a 

-80 °C freezer. 

 

B. Synthesis of cDNA 

 
Table 2: Number of individual reagents required for each sample. μl=microliter. 
 
Component Volume (μl) 
2x First strand master mix 10 
Oligo (dT) primer 3 
AffinityScript RT/RNase Block enzyme mixture 1 
RNA 6 
Total volume 20 
 

We used a cDNA synthesis kit to reverse transcribe the isolated RNA to cDNA. The process 

of synthesis of cDNA was as follows: 

We prepared a master mix in a 1.5ml Eppendorf reaction tube containing 10 µl of first 

strand master mix (2x), 3 µl of oligo (dT) primer, and 1µl of AffinityScript reverse 

transcriptase (RT)/ RNase blocking enzyme mixture for each sample. Then we used a 

fluorometer to determine the RNA-concentration and the required DNA was 

calculated to 6 µL. Next a required volume of RNA and 14µL of prepared Master 

Mix for each sample was then added to 0.2 mL Thermo - Strips. An automatic 

thermocycler was used to synthesize cDNA from Thermo-Strips with the help of a 

96-well PCR plate sealer. The cDNA obtained was diluted with diethyl pyrocarbonate 

(DEPC)-treated water at a ratio of 1:2 and stored the cDNA at -20 °C for further use. 

 

C. Operation of qPCR 

The qPCR was performed using Brilliant Ⅲ Ultra - Fast SYBR® Green Master Mix. 

For each qPCR running, a layout for the 96-well plate was prepared, and the amount 

of Master Mix was calculated from the reagents for the corresponding number of 

samples of each marker according to the following scheme: 
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Table 3: Composition of the reaction mixture of the qPCR. The kit used was for cDNA synthesis 
(AffinityScript qPCR cDNA Synthesis Kit). Experiments were carried out strictly in accordance with 
the instructions in the kit. Each sample was added to the working solution as follows. 
cDNA=complementary deoxyribonucleic acid, ROX=carboxy-X-rhodamine, DEPC water = diethyl 
pyrocarbonate water, μl=microliter. 
 

Component Volume (μl) 
cDNA 2 
2x SYBR® Green QPCR Master Mix 10 
Primer (1x) 2 
ROX (30 nmol) 0.3 
DEPC water 5.7 
Total volume 20 

The primers used were commercially available from Biomer.net, and suitable for use 

with SYBR Green-based qPCRs. Before use, they were briefly centrifuged according 

to the manufacturer's instructions and then each primer brought into solution with 1.1 

mL TRIS - EDTA buffer solution (TE buffer, pH 8.0) by vortexing. 

For relative quantification of the expression of the target genes, the 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a 

housekeeping gene. 
 
 
Table 4: Sequences of the forward and reverse primers of the housekeeping gene 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene used in qPCR. bp=base pair. 
 

Housekeeping 
Gene 

Primer Products 
Length(bp) 

Tm (℃) 

 
GAPDH 

Forward: 
GTATGATTCCACCCACGGCA 
Reverse: 
CACCCCATTTGATGTTGGCG 

243 64 
66.6 

 
 
 
 
Table 5: Sequence of target genes. TLR4 = Toll-like receptor 4, NF-κB = nuclear factor kappa B, 
RANK = receptor-activator of nuclear factor kappa beta, RANKL= receptor-activator of nuclear factor 
kappa beta ligand, OCN = osteocalcin, OPG = osteoprotegerin, OPN = osteopontin, ALP = alkaline 
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phosphatase, TGF-β = transforming growth factor-β, IL-2 = interleukin 2, IL-6 = interleukin 6, IL-10 = 
interleukin 10, Tm = temperature, bp=base pair, °C = degree Celsius, F = forward, R = reverse. 
 

 
 
To obtain the final ROX concentration (30 nmol), the stock concentration was diluted 

1:500 with diethyl pyrocarbonate (DEPC)-treated water. To identify possible false 

positive results, 30 ng of genomic porcine DNA was amplified per target gene to be 

tested. As negative controls, which should represent a situation of absence of mRNA 

of the target genes, for example to indicate DNA contamination, the templates were 

replaced by the same volume of RNase-free water in the qPCR reaction mixture (no 

template control = NTC) or only RNase-free water was pipetted. In addition to the 

negative controls, templates from porcine liver were used as "positive controls". Each 

Gene Primer sequence (5’to3’) Product 
size(bp) 

Tm 

(°C ) 
TLR4 F CAGATAAGCGAGGCCGTCATT 113 63,7 

R TTGCAGCCCACAAAAAGCA 63.8 
NF-κB F ACATGGACTTCTCAGCCCTTCTGA 168 65.7 

R CCGAAGACATCACCCAAAGATGCT 67.6 
RANK  F GCTGACTCTGGAAGAGAAGGTGTT 192 62.5 

R GCCCTGTCCACATATTCGTCTTCTGT 67.5 
RANKL F GACTTTCAGCAACGGGAAAC 117 59.7 

R AGCTGAAGATACTTCGCATCG 59.6 
OCN F ACGAGCTGGCTGATCACATC 71 61.4 

R CTGCGAGGTCTAGGCTATGC 60.1 
OPG 
 

F AAGTCCCGACAGAAGACATCGAGGA 150 68.4 
R GGTACGTCTTGAGATGCTTCAGGGC 68.2 

OPN F GAGCAAACAGACGATGTGGA 150 59.8 
R GAAATCGGTGACCAGCTCAT 60.1 

ALP F AAGAGCATGTGCGGGAAAGT 660 62.1 
R GGAATTCCCAGACAGCACAAA 62.3 

TGF-β F AGGGCTACCATGCCAATTTCT 1021 62 
R CGGGTTGTGCTGGTTGTACA 62.9 

IL-2 F CATGCACTAACCCTTGCACTC 80 60.7 
R GGCTCCAGTTGTTTCTTTGTGTT 61.8 

IL-6 F GACAAAGCCACCACCCCTAA 69 62.2 
R CTCGTTCTGTGACTGCAGCTTATC 62.7 

IL-10 F CCTGACTGCCTCCCACTTTC 94 62.1 
R GGGCTCCCTAGTTTCTCTTCC 60.6 
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sample and all controls were determined in duplicates. After pipetting the 96-well 

plate, it was briefly centrifuged at 3,000g to prevent possible liquid residues on the 

walls of the wells. 

The settings for the various cycles of the qPCR were made using the MxPro program. 

This was linked to the thermal cycler as well. 
 
Table 6: Cyclic sequence and temperature profiles of RT-qPCR. Total number of cycles is 40. °C= 
degree Celsius. 
 

Cycle  Time Tm (°C) 
Initial denaturation 3 min 95 
Denaturation 20 s 95 
Annealing and elongation 20 s 60 
 

2.7.8 Enzyme-Linked immunosorbent Assay (ELISA) 

 

2.7.8.1 Liver Homogenization 

 

The liver tissue had to be homogenized prior to the ELISA. The tissue was cooled all 

the way through the homogenization period. 

 

The tissue fragments to be homogenized were transferred into 2.0 ml size Eppendorf 

reaction tubes, and followed by the addition of well diluted (1:20) protease inhibitor 

cocktail buffer (Sigma) . In order to homogenize thoroughly, the chopped sample (20 

mg) was transferred to a tube and homogenized with the oscillator. After mixing all 

the tissue fragments into a homogeneous solution, the sample was homogenized with 

ultrasound (BANDELIN) for 3 times at 40-43 kHz for 5 s each time. All the samples 

were put in a benchtop centrifuge (Thermo Scientific) and centrifuged at 16,000 g for 

15 minutes. The supernatant was removed and stored in a 1.5ml Eppendorf reaction 

tube in a -80 °C freezer. 

 

2.7.8.2 Sandwich ELISA 
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We took a sandwich ELISA method, and strictly followed the steps listed in the 

experimental instructions in the kit for analyzing the OPG levels in liver and serum 

(72 h after the onset of trauma). All samples were diluted 1:2 before measurement.  

 
Table 7: Kit Components (LSBio). ml=milliliter, μl=microliter. 
 

Component  Quantity 
Coated 96-well Strip Plate  1 
Standard (Lyophilized) 2 vials 
Sample Diluent 1 vial x 20 ml 
Biotinylated Detection Antibody (100x) 1 vial x 120 µl 
Biotinylated Detection Antibody Diluent 1 vial x 14 ml 
HRP Conjugate (100x)  1 vial x 120 µl 
HRP Conjugate Diluent 1 vial x 14 ml 
Wash Buffer (25x)  1 vial x 30 ml 
TMB Substrate 1 vial x 10 ml 
Stop Solution 1 vial x 10 ml 
Adhesive Plate Sealers 4 
Instruction Manual  1 
 

We brought all reagents and samples to room temperature without additional heating 

and mixing thoroughly by gently swirling before pipetting. All procedures were 

carried out in strict accordance to the operating instructions and under the guidance of 

an experienced technician. The following represents a diagram of the ELISA 

workflow. 
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Figure 8: Schematic diagram of ELISA (Sandwich): This ELISA assay is based on the sandwich ELISA 

principle. Each well of the microtiter plate in this kit was pre-coated with a capture antibody specific to the target. 

After the standard or sample was added to the wells, the target antigen bound to the capture antibody and the 

unbound antigen was washed away. A biotin-conjugated detection antibody was then added to bind to the captured 

antigen. The unbound biotin antibody was washed away. Next Avidin-Horseradish Peroxidase (HRP) conjugate 

was then added which binds to the biotin and the unbound HRP conjugate was washed off. Finally, the TMB 

substrate was added to develop the color in reaction with the HRP enzyme. Sulphuric acid termination solution 

was added to terminate the color development reaction and the optical density was measured at 450 nm. The 

images were made by myself with the BioRender drawing tool. 

 
 
 

2.7.8.3 Competitive ELISA 

 

We took a competitive ELISA method, and strictly followed the steps listed in the 

experimental instructions in the kit for analyzing the RANK and RANKL levels in 

liver and serum (72 h after the onset of trauma). All samples were diluted 1:2 before 

measurement. 
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Figure 9: Schematic diagram of a competitive ELISA. Competitive ELISA, also known as blocking ELISA, is 

based on the principle that the antigen in the sample and a specific amount of enzyme-labeled antigen compete for 

binding to the solid-phase antibody. The amount of antigen in the sample had an inverse ratio to the bound to the 

solid of the enzyme-labeled antigen, i.e., the final color rendering result is negatively correlated with the 

interference level of the antigen or antibody to be detected. The images were made by myself with the BioRender 

drawing tool. 

 

RANK, RANKL and OPG concentrations in liver tissue of pigs and 72 hours after the 

onset of trauma were measured using a commercially available enzyme-linked 

immunosorbent assay (ELISA) kit strictly in accordance to the manufacturer’s 

protocol. As a first step, a specific antibody was applied to a plate to capture the 

analyte. Standard and samples were being incubated with the solid phase antibody, 

which captured the analyte. In order to detect the analyte, a detection antibody 

conjugated with biotin was added following the washing of unbound analyte. All 

unbound detection antibodies should be removed after a wash. In addition, the 

detection reagent (streptavidin-HRP) was added. The color was developed in 

proportion to the number of analytes bound on the plate after incubation with a 
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substrate solution (TMB/hydrogen peroxide). Color development was stopped by a 

sulphuric acid termination solution and OD value was measured at 450 nm. 
 
 

2.7.9. BCA Protein analysis  

 

Based on bicinchoninic acid (BCA), PierceTM bicinchoninic acid (BCA) Protein 

Assay kit quantifies total protein using a detergent-compatible formulation. A series 

of dilutions of bovine serum albumin (BSA) were prepared for the standard curve. 10 

μl of diluted samples were added to 96-well plates. To make the working BCA 

reagent, 50 parts of BCA Reagent A were mixed with 1 part of BCA Reagent and 200 

μl were added to each well. A optical density measurement was conducted at 562 nm 

following 30 min of incubation at 37 ℃. 

 

 

2.7.10 Immunohistochemical staining of Myeloperoxidase (MPO) 

Formalin-fixed paraffin-embedded liver slides (4 µm thickness) were deparaffinized 

and rehydrated in a descending alcohol series. The antigen retrieval was performed in 

a microwave (700 W) using citrate buffer (pH 6.0). The slides were blocked with 10% 

normal goat serum for 1 h at RT. Afterwards the slides were incubated with a primary 

antibody (rabbit anti-pig MPO polyclonal antibody, Abcam, Cambridge) at a 

concentration of 1.4 µg/ml at 4 °C overnight. The MPO detection was based on 

alkaline phosphatase method using DAKO kit. Seven pictures at 20x were taken from 

each slide and analyzed using ImageJ automated cell-counting. 

  

2.7.11 Statistical analysis 

To check the normality of the obtained data sets, the Shapiro–Wilk test and the 

Kolmogorov-Smirnov test were performed on each set of data. Data satisfying normal 

distribution were expressed as mean ± standard error of the mean (SEM). A t-test was 
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performed between two groups. A chi-square test or ANOVA was performed for 

comparisons between multiple groups. Data that did not satisfy a normal distribution 

were subjected to the rank sum test. A p<0.05 was considered statistically significant. 
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3. Results 
 

3.1 Liver injury score 

 

The analysis of the HE-stained slides of liver tissue taken 72 hours after the traumatic 

impact revealed a significant increase of the damage score in both PT + HS groups 

versus the sham group (Fig.10). The liver injury score of the Nail+ Therapy group 

was significantly lower than in the Nail group alone without additional immune 

therapy (Fig. 10a).  
 

     

Figure 10: Liver injury score (a) Liver samples were obtained from pigs in each group 72 h post polytrauma and 

paraffin sections were made. H&E-staining evaluation and observed under a 400x microscope for further scoring. 

Statistical plot of the overall mean score for liver damage in each group (a). Histological changes in the liver of 

each group of pigs as observed microscopically after HE staining (b). The black arrow indicates the structure of 

the liver lobules. *p<0.05 vs. sham, #p<0.05 vs. Therapy. Nail=Internal fixation with intramedullary nail, Fix ex = 

External fixation. Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 14 

(C5/CD14) inhibitor treatment. Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. 

 

HE staining showed that 72 hours after the polytrauma, the morphology of the liver 

tissue exhibited a large number of vacuoles (Fig. 12) compared to the normal control 

group, with varying degrees of disorganization and congestion of the hepatic lobular 

structure (Fig. 11), and necrosis of some hepatocytes (Fig. 13) was visible. The 

inflammatory reaction of the liver tissue was obvious and neutrophil infiltration was 

seen (Fig. 14). At the same time, the degree of necrosis, hepatic lobular stasis and 
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inflammation were significantly reduced in the polytrauma group treated with 

C5/CD14 immunosuppression. The total score for each group was 1.67±0.31 for the 

Sham group, 8.65±1.01 for the Fix ex group, 9.19±0.60 for the Nail group and 

5.50±0.44 for the Nail+Therapy group. 
 

   

 

 
Figure 11: Congestion. Liver samples were obtained from pigs in each group after 72 h of euthanasia and paraffin 

sections were made. They were stained with H&E and observed under a 400x microscope for further scoring. 

Rank sum test statistical methods were used to compare the data between Nail and Nail+Therapy. Statistical plot 

of the overall mean score for congestion (RBC) in each group (a). The black arrow indicates the presence of 

congestion or RBC in the structures of the hepatic lobules (b). *p<0.05 vs. Therapy, # p<0.05 vs. sham. Nail = 

Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with 

combined complement 5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. Sham: n = 6, Nail: n = 7, Fix 

ex: n = 8, Nail+Therapy: n = 4. 

 

 

   
 
Figure 12: Vacuolization. Liver samples were obtained from pigs in each group 72h of the polytrauma and 

paraffin sections were made. They were stained with H&E and observed under a 400x microscope for further 
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scoring. Rank sum test statistical methods were used to compare the data between Nail and Nail+Therapy. 

Statistical plot of the overall mean score for vacuolization in each group (a). The black arrow indicates the 

presence of vacuolization in the structures of the hepatic lobules (b). *p<0.05 vs. Nail+Therapy, # p<0.05 vs. sham. 

Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail 

with combined complement 5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. Sham: n = 6, Nail: n = 7, 

Fix ex: n = 8, Nail+Therapy: n = 4. 

 

 

  

 

Figure 13: Necrosis. Liver samples were obtained from pigs in each group 72 h after polytrauma and paraffin 

sections were made. H&E-staining, evaluated under a 400x microscope. Rank sum test statistical methods were 

used to compare the data between Nail and Nail+Therapy. Necrotic liver tissue is light in color and poorly 

bordered by the surrounding tissue. Statistical plot of the overall mean score for necrosis in each group (a). The 

black arrow indicates the presence of necrosis in the structures of the hepatic lobules (b). *p<0.05 vs. Therapy, # 

p<0.05 vs. sham. Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = 

intramedullary nail with combined complement 5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. 

Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. 
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Figure 14: Inflammation (number of neutrophils). Liver samples were obtained from pigs in each group 72 h 

after polytrauma and paraffin sections were made. They were stained with H&E and observed under a 400x 

microscope for further scoring. Rank sum test statistical methods were used to compare the data between Nail and 

Nail+Therapy. Necrotic liver tissue is light in color and poorly bordered by the surrounding tissue. Statistical plot 

of the overall mean score for the number of PMN in each group (a). Histological changes in the liver of each group 

of pigs as observed microscopically after HE staining (b). The black arrow indicates the presence of inflammation 

or PMN in the structures of the hepatic lobules. *p<0.05 vs. Therapy, # p<0.05 vs. sham. Nail = Internal fixation 

with intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with combined 

complement 5/cluster of differentiation 14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 

4. Data as mean ± standard deviation. 
 

3.2 ALP, ALT, AST and protein concentrations in serum 

 

Abnormal levels of ALP in the blood may indicate problems related to the liver, 

gallbladder or bones. The levels of ALP (Table 8) in the sham group showed a 

decreasing trend over time. ALP levels in the polytrauma and treatment groups 

showed a trend of increasing and then decreasing, indicating a degree of remission of 

inflammation levels in vivo at a later stage. Values for each group re expressed as the 

mean ± SEM of each group and plotted as a graph or a table. 

 

ALT and AST are widely present in hepatocytes and are two important indicators of 

hepatocyte damage and the extent of the corresponding damage. When the liver was 

damaged, enzymes such as AST and ALT were released from the liver cells into the 

blood. The total serum AST (Table 9) level in normal control pigs was 29.00±19.76 

U/L. Traumatic blood loss caused liver damage in pigs. At the beginning of the 

trauma, there was no significant increase in serum AST levels in pigs (p>0.05). At 1.5 

h after trauma, the AST level in the Nail group increased significantly compared to 

the normal control group (55.57±25.09 U/L vs. 26.67±14.11 U/L), suggesting that the 

liver of pigs had been significantly damaged 1.5 h after trauma. As time passed, we 

could find that the peak values were reached at 48 h after the trauma (33.00±19.60, 

81.38±59.21, 47.86±16.65, 46.00±17.09, table 9) and then decreased again.  
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The ALT (Table 10) levels in the serum of the pigs in each group fluctuated 

considerably during the 72-h following the onset of trauma. ALT in the Nail group 

showed a consistent upward trend, but the treatment group using the combined 

C5/CD14 inhibitor represented lower ALT levels than the Nail group (p<0.05). The 

serum ALT level in the normal control group was 41.83±10.98 at 0 h. At the 

beginning of the trauma, there was no significant change in the Sham, Nail and Fix ex 

groups, except for the Nail+Therapy group where the ALT level was higher than the 

sham group (p<0.05). Serum ALT levels in all four groups showed an overall stable 

trend over time, but ALT levels in the Nail group and the Nail+Therapy group 

increased 72 h after the trauma and were higher in the nail group than in the 

Nail+Therapy group (p<0.05). 

 

Decreasing trend in the amount of the serum protein (Table 11) over time was found. 

The amount of protein in the serum at each time point was higher in the trauma sham 

group than in the Nail+Therapy group (p<0.05). The amount of protein in the serum 

in the nail group was higher than in the Nail+Therapy group at 0 h, 2.5 h, 24 h and 72 

h after the onset of trauma (p<0.05). 
 
 
Table 8 ALP levels in serum at different time points (U/L). Significantly higher protein level in the 
Sham group compared to the trauma group, *p<0.05. Significantly higher protein level in the Nail 
group compared to the Nail+Therapy group, # p<0.05. Nail = Internal fixation with intramedullary nail, Fix 

ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 

14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as mean ± standard 
deviation. 

Time Sham Nail Fix ex Nail+Therapy 
0h 111.5±50.49 94.75±20.01 113.63±52.29 144.50±32.58 
1.5h 103.33±43.10 94.88±17.75# 125.50±35.10 138.25±23.92 
2.5h 103.67±43.03 91.13±19.37# 118.88±33.03 132.50±31.14 
24h 100.20±38.54 118.75±29.63# 151.75±45.37* 187.25±52.65* 
48h 76.67±31.61 101.88±38.82# 136.50±41.01* 153.25±23.06* 
72h 79.50±30.59 80.50±13.50 101.43±27.61 97.50±65.52 
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Table 9 AST levels in serum at different time points (U/L). Significantly higher protein level in the 
Sham group compared to the trauma group, *p<0.05. Significantly higher protein level in the Nail 
group compared to the Nail+Therapy group, #p<0.05. Nail = Internal fixation with intramedullary nail, Fix 

ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 

14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as mean ± standard 
deviation. 
 

Time Sham Nail Fix ex Nail+Therapy 
0h 29.00±19.76 42.75±36.16 24.37±8.96 23.75±5.43 
1.5h 26.67±14.11 55.57±25.09* 41.50±16.94 36.75±13.30 
2.5h 27.00±13.84 71.63±55.88* 40.88±13.50 36.00±9.83 
24h 32.67±25.63 76.38±44.42* 47.00±12.12 43.75±13.05 
48h 33.00±19.60 81.38±59.21* 47.86±16.65 46.00±17.09 
72h 25.33±8.64 56.57±41.68*# 33.14±18.01 26.33±6.11 
 

Table 10 ALT levels in serum at different time points post trauma (U/L). Significantly higher ALT 
in the trauma group compared to the Sham group, *p<0.05. Nail = Internal fixation with intramedullary nail, 

Fix ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 5/cluster of 

differentiation 14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as mean ± 
standard deviation. 

Time Sham Nail Fix ex Nail+Therapy 
0h 41.83±10.98 45.43±10.13 43.63±10.53 60.25±16.03* 
1.5h 41.33±12.37 44.63±8.68 45.25±9.39 58.00±16.41* 
2.5h 41.33±11.71 49.50±9.94 44.88±10.95 58.50±15.02* 
24h 35.33±7.94 47.50±16.48 44.13±6.40 52.50±13.87* 
48h 33.67±12.63 52.25±17.27 43.25±6.99 52.25±17.27* 
72h 33.00±9.68 65.33±7.57* 41.14±4.74 57.00±13.53* 
  

Table 11 Protein concentration in serum at different time points post trauma (g/dL). Significantly 
higher protein level in the Sham group compared to the trauma group, *p<0.05. Significantly higher 
protein level in the Nail group compared to Nail+Therapy group, #p<0.05. Nail = Internal fixation with 

intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 

5/cluster of differentiation 14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as 
mean ± standard deviation. 
 
Time Sham Nail Fix ex Nail+Therapy 
0h 4.73±0.30 4.57±0.41# 4.43±0.22 4.15±0.19* 
1.5h 4.50±0.28 4.27±0.34 4.25±0.28 4.03±0.29* 
2.5h 4.47±0.25 4.11±0.33# 4.09±0.25* 3.83±0.17* 
24h 3.90±0.24 3.60±0.36# 3.68±0.17 3.18±0.29* 
48h 3.68±0.26 3.41±0.34 3.54±0.19 3.20±0.19* 
72h 3.92±0.50 3.60±0.19# 3.60±0.27 2.65±1.11* 
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3.3 Myeloperoxidase (MPO) activity 

Seven observation fields were taken for each tissue sample after 

immunohistochemical staining, and the number of positive signal cells was recorded 

using ImageJ. The average number of MPO positive cells (Fig.17) in each group was 

finally calculated. Few MPO positive signals were seen in the liver tissues of the 

control pigs, whereas MPO positive signals were increased in the liver tissues in 

polytraumatized pigs treated by either the internal or external fixation. Statistical 

analysis revealed that the number of MPO positive cells in the internal fixation group 

was 2.5±2.4 times higher than that in the control group (p=0.038), while there are no 

differences between the remaining groups (p>0.05). Of note, a significant decrease in 

MPO staining was found in livers from polytraumatized pigs treated with a Nail and 

combined C5/CD14 blockade versus the Nail only group. 
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Figure 15: Results of myeloperoxidase (MPO) staining of liver samples from different groups of pigs. Liver 

samples were obtained from pigs in each group after 72 h after polytrauma or sham procedure and paraffin 

sections were made. They were stained with primary antibody rabbit anti-pig MPO polyclonal antibody and 

observed under a 100x microscope for further scoring. ANOVA method was used to compare the data between the 

groups. Statistical plot of the overall mean score for cell number in each group (a). Histological changes in the 

liver of each group of pigs as observed microscopically after MPO staining (b). The black arrow indicates the 

MPO positive cells in the structures of the hepatic lobules. *p<0.05 vs. Therapy. Nail = Internal fixation with 

intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 

5/cluster of differentiation 14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as 
mean ± standard deviation. 
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3.4 Vital signs temperature and central venous pressure.  

The overall trend of the tail temperature (Fig.16) was similar in all four groups. The 

experimental animals in the Nail and Fix ex groups experienced a slight decrease in 

body temperature for 1-1.5 h after the onset of trauma, followed by a progressive 

increase and finally a peak within 7-9 h of trauma onset, followed by a plateau phase. 

Notably, the pigs in the C5/CD14 immunosuppressed group and the sham group did 

not experience this initial alteration of the body temperature, but also reached a peak 

within 7-9 h of trauma occurrence. 

Concerning the central venous pressure (CVP), during the first 9 hours, all four 

groups of experimental animals showed a fluctuating course (Fig.17). Afterwards, the 

CVP was more stable in all groups. 
 

 
Figure 16: Time course of body temperature. The intra-nasal temperature of individual pigs was measured with 

a temperature sensor for 72 hours post-trauma, connected to an ECG monitor to obtain temperature results in real 

time. Presentation of the mean value of the different groups. Data show mean values of n = 4-8 in per time point. 

Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail 

with combined complement 5/cluster of differentiation 14 (C5/CD14). Sham: n = 6, Nail: n = 7, Fix ex: n = 8, 

Nail+Therapy: n = 4. Data as mean ± standard deviation. 
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Figure 17: Time course of central venous pressure (CVP). Monitoring of the CVP in real time. Data show mean 

values of n = 4-8 in per time point. Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. 

Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 14 (C5/CD14). Sham: 

n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. Data as mean ± standard deviation. 
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3.5 Gene expression in the liver tissue. 

The gene expression of key bone modifiers, that is RANK, RANKL and OPG was 

determined in the liver (Fig 18 A, B, C, respectively). For RANK, its levels were 

significantly higher in the Nail group than in the sham and treatment groups. For 

RANKL, the levels were significantly higher in the Nail group than in the 

Nail+Therapy group (p<0.05). The gene expression of ALP, OCN and OPN (Fig 18 

D,E,F, respectively) was higher in the livers of the nail group than in the 

Nail+Therapy group (p<0.05). 
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Figure 18: Gene expression of bone-related modifiers in liver samples after polytrauma. A: RANK = receptor 

activator of nuclear factor-κB. B: RANKL = receptor activator of nuclear factor-κB-ligand. C: OPG = 

osteoprotegerin. D:ALP = alkaline phosphatase. E: OCN = osteocalcin. F: OPN = osteopontin. All samples were 

homogenized and RNA isolated and subsequently processed for cDNA synthesis and final target gene 

measurement. The housekeeping gene used was Glyceraldehyde-3-phosphate Dehydrogenase (GADPH) and the 

ΔΔCt value was calculated from the measurements and the final expression of the target gene in the samples. Data 

represent means ± SD. Data satisfying a normal distribution were subjected to a ANOVA, otherwise the rank sum 

test was used. Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = 

intramedullary nail with combined complement 5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. * 

p<0.05, ** p<0.01, ***p<0.001. Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. 

 

 

 

For the three factors of IL-2, IL-6 and IL-10 (Fig.19 B, C, A, respectively), gene 

expression in the liver was higher in the nail group than in the Nail+Therapy group 

(p<0.05). It is worth noting that IL-10 levels were also significantly higher in the Nail 

group than in the Nail+Therapy group, p<0.001. 
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Figure 19: Gene expression of makers of the inflammation in the liver after polytrauma. A: IL-10 = 

interleukin-10, B: IL-2 = interleukin-2, C: IL-6 = interleukin-6. Results of PCR for three kinds of interleukins in 

liver samples. All samples were homogenized and RNA isolated and subsequently processed for cDNA synthesis 

and final target gene measurement. The housekeeping gene used was Glyceraldehyde-3-phosphate Dehydrogenase 

(GADPH) and the ΔΔCt value was calculated from the measurements and the final expression of the target gene in 

the samples. Data represent means ± SD. Data satisfying a normal distribution were subjected to a ANOVA, 

otherwise the rank sum test was used. Nail = Internal fixation with intramedullary nail, Fix ex = External fixation. 

Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 14 (C5/CD14) 

inhibitor treatment. * p<0.05, ** p<0.01, ***p<0.001. Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 

4. 
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3.6 Protein level of OPG, RANK, RANKL in liver and serum 

 

The protein calculation of OPG (Fig. 20 A) and RANK (Fig. 21 A) in the liver of the 

nail group were higher than those of the sham group or the therapy group (p<0.05). 

Interestingly, RANKL levels (Fig. 22 A) were higher in liver samples from the 

Nail+Therapy group than the nail group alone (p<0.05). The levels of OPG, RANK 

and RANKL (Fig. 22 B, 23B and 24B, respectively) in the 72 h serum were all higher 

in the Nail group than in the Nail+Therapy group (p<0.05). 
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Figure 20: Levels of OPG protein in liver tissue (A) and serum (B). Osteoprotegerin (OPG) levels were 

measured by enzyme-linked immunosorbent assays (ELISA) in liver tissue homogenates and serum samples after 

72h after polytrauma. The Nail group and Nail+Therapy group were analysed by ANOVA and the data were tested 

by rank sum test if the normality test was not satisfied. Nail = Internal fixation with intramedullary nail, Fix ex = 

External fixation. Nail+Therapy = intramedullary nail with combined complement 5/cluster of differentiation 14 

(C5/CD14) inhibitor treatment. * p<0.05, ** p<0.01, ***p<0.001. Sham: n = 6, Nail: n = 7, Fix ex: n = 8, 

Nail+Therapy: n = 4. 
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Figure 21: Levels of RANK protein in liver tissue (A) and serum (B). Receptor activator of nuclear factor-κB 

(RANK) levels were measured by enzyme-linked immunosorbent assays (ELISA) in liver tissue homogenates and 

serum samples 72 h after polytrauma. The Nail group and Nail+Therapy group were analysed by ANOVA and the 

data were tested by rank sum test if the normality test was not satisfied. Nail = Internal fixation with 

intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with combined complement 

5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. * p<0.05, ** p<0.01, ***p<0.001. Sham: n = 6, Nail: 

n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. 
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Figure 22: Levels of RANKL protein in liver tissue (A) and serum (B). Receptor activator of nuclear 

factor-κB-ligand (RANKL) concentrations were measured by enzyme-linked immunosorbent assays (ELISA) in 

liver tissue homogenates and serum samples 72 h after polytrauma. The Nail group and Therapy group were 

analysed by ANOVA and the data were tested by rank sum test if the normality test was not satisfied. Nail = 

Internal fixation with intramedullary nail, Fix ex = External fixation. Nail+Therapy = intramedullary nail with 

combined complement 5/cluster of differentiation 14 (C5/CD14) inhibitor treatment. * p<0.05, ** p<0.01, 

***p<0.001. Sham: n = 6, Nail: n = 7, Fix ex: n = 8, Nail+Therapy: n = 4. 
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4 Discussion 

 
 
In order to investigate the pathogenesis of trauma haemorrhage, to find appropriate 

medical treatment to slow down the progression of trauma haemorrhage, to reduce the 

mortality rate of trauma haemorrhage patients, to investigate the pathogenesis in 

depth and to find more effective targets for resuscitation treatment, there is an urgent 

need to establish a suitable model of trauma haemorrhage for research. Although there 

is a gap between animal models and clinical patients, the establishment of clinically 

relevant animal models will facilitate the understanding of the disease, and various 

drugs and newer methods of current clinical treatment can be validated in animal 

experiments beforehand. 

 

There have been many approaches for the development of animal models of trauma 

haemorrhage in basic research. The method of preparing a porcine trauma blood loss 

model for fractures combined with blood loss due to multiple injuries is well 

established, and by controlling the amount of blood loss to maintain hemodynamic 

stability in pigs, a more consistent animal model can be obtained. Most importantly, 

this model is rather close to the clinical reality and its findings are therefore important 

for the subsequent development of animal medicine to clinical medicine (translational 

medicine). In addition, this model can be used to investigate the mechanisms by 

which the immune system functions after injury and to explore the effects of the 

crosstalk between multiple organs. 

 

However, the challenge of this experimental model are to accurately control blood 

loss in pigs during haemorrhagic shock simulation, to avoid complications such as 

respiratory failure when constructing a lung contusion model, and to prevent 

complications such as vascular embolism in the case of bilateral lower limb femoral 

fractures. 
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The drug given in this experiment was RA101295 (2-kDa peptide) while is a 

broad-spectrum C5 inhibitor. The drug is characterised by blocking the cleavage of 

C5 and the subsequent formation of C5a and terminal C5b-9 complement complexes, 

the latter two in two forms: sC5b-9 in the liquid phase and the membrane attack 

complex (MAC) on the cell surface. C5a is an anaphylatoxin that amplifies leukocyte 

activation and migration, causes basophil/mast cell degranulation, enhances vascular 

permeability, and promotes vasoconstriction [120]. Inhibition of both C5 and C5aR 

significantly improves IRI in the liver, characterised by inhibition of platelet 

aggregation in the hepatic microcirculation and HMGB-1 release in the early stages of 

reperfusion. It also inhibited hepatocyte apoptosis by downregulating infiltrating 

macrophages and neutrophils, cytokine and chemokine release, and ROS production 

[72]. Blockade of either C5aR or C5 has been shown to improve hepatic IRI damage 

in numerous studies. In an experiment to demonstrate that C5aR antagonists inhibit 

local and remote organ damage after lower limb ischemia/reperfusion (I/R) in rats, it 

was found that LDH, ALT and AST were reduced to varying degrees after the 

application of C5aR antagonists indicating a key role for C5a in the induction of local 

and remote organ damage [161]. During liver injury, C5a mediates the activation and 

migration of leukocytes, ultimately leading to necrosis and apoptosis of hepatocytes. 

C5b and MAC lyse target cells, promoting the release of injury-associated molecular 

patterns, chemokines and other cytotoxins [72]. In this study we figured out that 

combined blockade of C5 and CD14 early in the course of injury and real-time dose 

adjustment during monitoring significantly reduced organ damage [82]. In this 

experiment, we found that the ALT and AST in each group tended to increase before 

48 hours and then decreased significantly in all groups. However, a significant 

decrease could be seen in the Nail+Therapy group after the application of the 

combined immunosuppressant, which represents a novel finding. 

 

AST and ALT are two of the most convenient and commonly used enzymatic 

indicators for clinical testing of liver damage. The difference in serum AST levels in 
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the sham group compared to the immunotherapy group at all time points was not 

statistically significant (p>0.05), indicating some improvement in hepatocyte damage 

after C5/CD14 immunosuppressive therapy, which was matched by the statistical 

results from the hepatocyte damage score. 

 

Serum ALT levels are the most frequent and reliable indicator of hepatotoxic effects. 

AST to some extent more accurately reflects the severity of hepatocyte damage and 

necrosis than AST, as ALT is mainly distributed in the liver [98]. ALT levels in the 

group, which received internal fixation, increased after the onset of trauma, and total 

ALT levels in the Nail+Therapy group, which received C5/CD14 immunosuppressive 

therapy, were also higher and consistently higher than in the sham group. In our study, 

we found that AST rose more significantly than ALT. Michi et al. found that high 

serum AST was common in older underweight individuals and may reflect some 

skeletal muscle pathology [133]. The reason for this may be related to the fact that 

nailing after bilateral lower limb femur fracture may induce remote liver damage. Of 

note, ALT levels in case of Nail+Therapy appeared significantly lower and thus may 

reflect some therapeutic effects. 

 

 

It is well known that a severe traumatic is a huge challenge to the various defence 

systems of the host. Fractures of the femur with subsequent fracture fixation can 

cause acute respiratory distress syndrome and multi-organ dysfunction syndrome. The 

causes are mainly due to the overshooting release of various pro-inflammatory 

cytokines -cytokine storm - including interleukin 6 [47]. Interleukin 6 (IL-6) is an 

interleukin that acts as both a pro-inflammatory cytokine and an anti-inflammatory 

factor. The increasing of IL-17A secretion by NK cells was found after liver IRI, with 

a concomitant increase in IL-6 levels [37]. IL-10 is one of the cytokines. It can 

down-regulate the expression of Th1 cytokines, MHC class II antigens and 

co-stimulatory molecules on macrophages during inflammation, thus acting mainly as 
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an anti-inflammatory agent [32]. An increase in regulatory T cells has been used to 

suppress innate immunity, resulting in increased levels of IL-10 [165]. The increased 

level of IL-10 represents a strong anti-inflammatory activity in the body. By 

implementing combined C5/CD14 immunosuppression, we observed a decrease of 

the mRNA expression of IL-10 as well as IL-6 in liver tissue of the Nail+Therapy 

group compared to the Nail group alone, indicating a regulatory effect of the 

inflammation response which might have a positive. Interleukin 2 (IL-2) is a key 

regulator of the adaptive immune response, but its regulatory role is not fully 

understood [143]. It is generally accepted that elevated liver enzymes, such as ALT 

and AST, are associated with elevated IL-2 [130]. Our qPCR results showed that IL-2 

mRNA levels were higher in the Nail group compared to the Nail+Therapy group. On 

a morphological level, we used the classical HE staining method to determine 

morphologic changes in the liver and determine the liver injury score. The congestion 

area of the traumatizes pig liver was significantly enlarged and most of the 

hepatocytes were vacuolated and necrotic, indicating significant hepatocyte necrosis 

and a severe inflammatory response in the liver tissue. After liver injury caused by 

multiple injuries combined with haemorrhagic shock, the necrotic hepatocytes 

released ALT and AST into the blood, resulting in increased serum levels of ALT and 

AST [39]. AST levels in pigs at initial 0 h within 48 hours of multiple injuries 

combined with haemorrhagic shock were not significantly increased but progressively 

increased by trend over time and peaked at 48 hours before slowly decreasing. 

Combined with the laboratory results of AST and ALT, we can propose that 

immunosuppressive therapy has a positive protective effect on reducing liver enzymes, 

reducing IRI damage in the liver and reducing the inflammatory response in the liver 

after trauma. 

 

 

In addition, major trauma can conversely affect the delayed healing of fractures. In a 

rat model of severe trauma, it was demonstrated that delayed fracture healing 
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occurred in a surgical group with femoral osteotomy plus blunt pulmonary contusion 

simulation, compared to a control group with femoral osteotomy alone [112]. The 

acute systemic inflammatory response alters the cellular composition and cytokine 

expression in the haematoma, which substantially diminishes the formation of bone 

and the mechanical competence of the fracture callus in the later stages of healing. 

That is a strong inducer of posttraumatic systemic inflammation [113]. During the 

early inflammatory phase of fracture healing, C5aR is strongly expressed not only by 

immune cells, but also by osteoblasts, chondrocytes and osteoclasts in the 

intramembranous and chondrogenic zones throughout the fracture healing period [52].  

 

This experiment is a study of the effect of trauma on the organism and the effect of 

cross-linking between liver and bone under combined C5/CD14 immunosuppressants. 

The analysis of the PCR results above showed that the pigs in the immunomodulation 

group had significantly and statistically significant lower levels of IL-6 in the liver 

72h after polytrauma compared to the non-immunomodulation group. This indicates 

that the use of C5/CD14 immunosuppressants reduced the level of the 

pro-inflammatory factor IL-6 in the liver. This is coherent results with the results of 

HE staining and liver injury scores. In pig models of sepsis, combined C5 and CD14 

inhibition treatment significantly reduced thrombotic inflammation and decreased 

morbidity and mortality [8].  

 

Previous studies have shown that the inhibition of complement before the trauma has 

a protective effect on liver, manifested by reduction of inflammation and cell 

apoptosis [3, 46, 84]. The liver-bone cross talk was previously described in chronic 

liver diseases [154]. A recent study showed that the liver-bone axis influences the 

development of hepatic osteodystrophy by high levels of PP2Acα (protein 

phosphatase 2 A catalytic subunit α isoform) [80]. RANK/RANKL, which plays an 

essential role in bole remodeling, activates NF-κB (Nuclear factor kappa B) in 

hepatocytes [64], but whether it has a role on fracture healing/bone remodeling in 
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polytrauma milieu, is still unclear. In our study, we found that the levels of RANKL, 

RANK, OPG in the liver of the Nail group were significantly and statistically higher 

than Nail+Therapy group. The ratio of RANKL/OPG was also significantly higher 

than the rest of the group, indicating high bone remodeling activity [156]. Although 

PCR results showed higher gene expression of OPG and RANKL in liver samples 

from the Nail group than in the Nail+Therapy group, contrary to the findings in the 

ELISA assay. The osteoblasts can generate and cleave complement proteins. C3a and 

C5a have been shown to stimulate RANKL expression in osteoblasts, thereby 

indirectly increasing osteoclast formation [53]. A rat model of blunt thoracic injury 

showed that intravenous administration of a C5aR antagonist improved bone bridging 

at the fracture gap and accelerated and improved bone scab formation [114]. The 

results of these studies confirm that C5 is involved in the repair of fractures and that 

its absence impairs the process of bone repair. Therefore, epithelial cells of wounds 

can strongly express C5 [65]. A study in mice with severe blunt chest injuries 

combined with femur fractures showed that complement activation adversely affected 

fracture healing. This negative effect could be reversed by systemic blockade of 

C5a-C5aR interactions [113]. To further investigate which role complement plays in 

bone development, researchers investigated fracture healing in mice lacking the key 

complement molecules C3 and C5. Fracture healing was found to be sufficient after 

21 days in mice knocked out of C3, while fracture repair was significantly reduced in 

mice knocked out of C5. In addition they further demonstrated that C5a was activated 

in knockout C3 mice, demonstrating that activation of the terminal complement 

cascade response may be critical for successful fracture healing [31]. Osteoblasts can 

locally produce complement proteins, including C3 and C5 expressed by osteoblasts 

[59, 121, 122] and active C5 produced by osteoclasts [53]. In addition, C3a and C5a 

induce osteoblasts to release inflammatory cytokines, including IL-6 and IL-8. By 

injecting combined C5/CD14 inhibitors into the animals, we found lower levels of 

IL-6 in the treated group by the experimental method of PCR, which is consistent 

with previous studies that injecting immunosuppressants can effectively reduce the 
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concentration of IL-6 in the body and attenuate the inflammatory response. It is 

important to note, however, that fracture repair requires also the involvement of the 

terminal complement complex. We did reduce the damaging effect of the 

inflammatory response on the organ while applying immunosuppression, but at the 

same time, we also inhibited the production of the complement complex. The 

complement (C) 1 is activated by recognition of the immune complex by the antibody 

isotype immunoglobulin (Ig) G or IgM, followed by cleavage of C4 and C2 by the 

C1s subunit. The resulting cleavage product produces C3 convertase (C4bC2a), which 

cleaves C3 into C3a and C3b. C3b is involved in the formation of sC5b-9 by 

catalyzing the C5 cleavage reaction to produce C5a and C5b, while C5b is involved in 

the formation of sC5b-9 which ultimately generates the tapping membrane complex 

[137]. Ehrnthaller et al. pointed out that complement C3 and C5 deficiency affects 

fracture healing, as activation of the terminal complement cascade may be essential 

for successful fracture healing [31]. As a result, C5a not only induces osteoblast 

migration, but also alters production of interleukin 6 (IL-6) of osteoblasts [53, 105]. 

IL-6 is considered to be a key cytokine in initiating the repair process during fracture 

healing [40], which may explain the lower levels of bone modifying factors observed 

in our study in the Nail+Therapy group compared to the nail group. 

 

 

The innovation of our current study is the combined use of C5/CD14 inhibitors to 

study the levels of inflammation and bone modifying factors after polytrauma and 

observation period of 72 h. Through continuous infusion of C5 inhibitors and 

intermittent administration of CD14 inhibitors, we found significant reductions in 

organ inflammation levels in the experimental animals, not only as assessed visually 

by HE staining, but also on a protein level and by the PCR evaluation. It is also worth 

noting that while the use of complement inhibitors had a positive effect on the 

protection of the organ from inflammatory responses, it may also inhibit bone healing. 

This means that a balanced activation of complement is necessary to promote bone 
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regeneration, whereas over-stimulation of complement can cause detrimental effects. 

The balance point of complement activation needs to be further clarified. In summary, 

we can conclude the following:

 

I. Experimental polytrauma leads to generation of the bone repair modulating 

factors OPG, RANK, RANKL by the liver; 

 

II. The combined inhibition of C5/CD14 resulted in some reduction of 

polytrauma-induced liver inflammation and reduced generation of bone repair 

relevant proteins by the liver; 

 

III. The consequences of the liver-bone-axis on fracture healing needs further 

investigation. 
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5 Summary 
 
Multiple injuries and haemorrhagic shock are often accompanied by 

ischaemia-reperfusion injury to the liver. Furthermore, serve trauma activates the 

complement and Toll-like receptor (TLR) systems driving the inflammatory response. 

Therefore, blocking both system by C5/CD14 inhibition seems a promising 

therapeutic principle. However, the effect of combined C5/CD14 inhibitors on liver 

inflammation and fracture healing alter severe multiple injuries and haemorrhagic 

shock is still unclear, and addressed in this thesis. 

 

Therefore, a pig model of multiple injuries and haemorrhagic shock was established 

in a collaborative effort with the University of Aachen (The official ethical approval 

number was AZ 81-02.04.2020.A215). All groups except the sham group received 

blunt pulmonary contusion, hepatic dissection, bilateral lower limb femoral shaft 

fractures and haemorrhagic shock. Four experimental groups were investigated: 1) 

sham animals; or polytrauma and hemorrhagic shock: 2) treated with an external 

fixation, or 3) treated with a nail, or 4) treated with a nail plus immunomodulatory 

therapy (combined C5/CD14 inhibitor). Serum samples were obtained at 0 h, 1.5 h, 

2.5 h, 24 h, 48 h and 72 h after completion of the multiple injuries and hemorrhagic 

shock, and liver samples were obtained after euthanasia of the pigs.  

 

As results, we found significant differences in liver injury scores between the four 

groups. The liver injury score was significantly higher in the nail group than in the 

Nail plus immunomodulation or sham groups. In terms of bruising, the Nail group 

was significantly higher than the Nail plus immunomodulation or sham groups, but 

there was no difference between the immunomodulation and sham groups, suggesting 

that the combination of C5/CD14 inhibition improved bruising caused by 

ischemia/reperfusion injury in the liver. In terms of vacuolation, necrosis and 

inflammation, the damage in the Nail group was more severe than in the sham or Nail 
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plus immunomodulation groups. While in the combined therapy group the AST levels 

were slightly higher than in the sham group, the difference between the two groups 

was not statistically significant. Overall, AST increased progressively in all groups 

peaking at 48 hours after trauma. AST, ALT and LDH levels were lower in the Nail 

plus immunomodulation group than in the non-treated group, demonstrating the 

positive effect of the combination of C5/CD14 inhibitors on improving liver injury. 

The protein levels of RANK, RANKL, OPG, OCN, OPN, IL-2, IL-6, IL-10 and ALP 

were all higher in the Nail group than in the Nail with immunomodulation group, 

suggesting that bone metabolism and bone repair activity may be affected by the 

intervention of the combined C5/CD14 inhibitor. However, the RANKL levels 

measured in the liver were higher in the Nail plus immunomodulation group than in 

the Nail group alone , and whereas the serum RANKL levels were lower. This may be 

due to the depletion of RANKL in the liver in the Nail only group. However, further 

experiments are needed to investigate this. 

 

In conclusion, the use of combined C5/CD14 inhibitors attenuated the effects of the 

inflammatory response in the liver of pigs 72 hours after multiple injuries and 

haemorrhagic shock and surgically treated by a femoral Nail. Nevertheless, the use of 

the combined immunosuppressant may also exhibit some negative effects on bone 

repair, which needs further evaluation. 
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