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Abstract

The skin is the largest organ of the body. Sepsis is a life-threatening organ dysfunction caused by
a dysregulated host response to infection. The protective function of the skin is compromised in
sepsis, and septic patients are prone to problems in tissue repair, which causes increased
morbidity. However, there are only a few human studies exploring wound healing in sepsis.

In this study we observed skin wound healing and the molecular mechanisms behind it in 44
septic patients and 14 healthy controls. From sepsis and healthy sera, metabolites were analyzed
with proton nuclear magnetic spectroscopy, and cytokines using multiplex assay. The effect of
sepsis and healthy sera was tested in vitro on keratinocyte proliferation, migration and viability.
Suction blister wounds were induced on 15 patients and 10 controls and biopsied for
immunohistochemical analyses.

Serum levels of glucose, glycine, 3-hydroxybutyrate, creatinine and glycoprotein acetyls were
significantly higher in sepsis patients compared to healthy controls, whereas levels of histidine and
citrate were significantly lower in sepsis. Keratinocyte viability, proliferation and migration were
reduced in sepsis in vitro. Sepsis sera supplemented with epithelial growth factor (EGF) or tumor
necrosis factor alpha (TNF-α) improved and EGF receptor inhibition reduced keratinocyte
migration in healthy and septic wounds. Extracellular vesicles added to healthy or sepsis serum
media inhibited keratinocyte migration. Higher serum concentrations of TNF-α and vascular
endothelial growth factor (VEGF) and lower levels of EGF were detected in sepsis sera compared
to healthy sera. In skin immunohistochemistry samples, the levels of EGF, VEGF and
transforming growth factor beta as well as syndecan-1 were increased in septic patients compared
to healthy controls. Extracellular matrix (ECM) components tenascin-C and laminin-332 had
lower expression in septic skin compared to healthy skin.

The results of this study support the clinical findings concerning impaired wound healing in
sepsis and provide new information about the underlying mechanisms: hypermetabolism,
catabolism and organ dysfunction as well as altered cell signaling and interplay of cytokines and
ECM. Understanding the cell level details of wound healing and skin homeostasis in sepsis
provides opportunities to improve surgical treatments and their timing.

Keywords: cytokine, ECM, growth factor, immunohistochemistry, metabolism,
metabolite, metabolomics, migration, proliferation, scratch wound model, sepsis, skin,
wound healing
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Tiivistelmä

Elimistön väärin mitoitettu vaste tulehdukseen vaurioittaa sen omia kudoksia sepsiksessä. Iho on
ihmisen suurin elin ja suoja ulkoisia haittatekijöitä vastaan. Kudosparanemisesta sepsiksessä on
vain vähän tietoa. Tutkimuksen tarkoituksena on selvittää ihohaavan paranemista ja taustalla
vaikuttavia molekyylitason mekanismeja sepsiksessä.

Tutkimusta varten otettiin verinäytteet 44 sepsispotilaalta ja 14 terveeltä verrokilta. Lisäksi
15 potilaalle ja 10 terveelle verrokille tehtiin imurakkulahaavat iholle, ja yksi paraneva haava
poistettiin kudosnäytteeksi. Aineenvaihduntatuotteiden määrää veressä tutkittiin ydinmagneetti-
sella resonanssispektroskopialla. Haavan paranemista sepsiksessä tutkittiin mittaamalla keratino-
syyttien elinkykyisyyttä, lisääntymistä ja liikkumista soluviljelymenetelmin. Lisäksi mitattiin
veren kasvutekijäpitoisuuksia. Imurakkulahaavanäytteille tehtiin immunohistokemialliset tutki-
mukset.

Veren glukoosin, glysiinin, 3-hydroksibutyraatin, kreatiniinin ja glykoproteiiniasetyylien
pitoisuudet olivat sepsispotilailla korkeammat ja sitraatin ja histidiinin pitoisuudet matalammat
terveisiin verrattuna. Keratinosyyttien elinvoimaisuus, liikkuminen ja lisääntyminen keinotekoi-
sessa haavassa olivat alentuneet sepsiksessä terveisiin verrokkeihin verrattuna. Solunulkoiset
vesikkelit estivät ja epiteliaalisen kasvutekijän (EGF) tai tuumorinekroositekijä alfan (TNF-α)
lisäys haavoille paransi keratinosyyttien liikkumista. Veren TNF-α:n ja verisuonikasvutekijän
(VEGF) pitoisuudet olivat sepsiksessä korkeammat, kun taas EGF:n pitoisuus oli matalampi.
Paranevan ihohaavan solunulkoisen väliaineen komponenttien tenaskiini-C:n sekä laminiini-
332:n määrä oli sepsiksessä vähäisempi ja solun pintareseptori syndekaani-1:n, transformoivan
kasvutekijä beetan (TGF-β), VEGF:n ja EGF:n määrä puolestaan korkeampi.

Tässä tutkimuksessa saadut tulokset tukevat aiempia kliinisiä havaintoja heikentyneestä haa-
van paranemisesta sepsiksessä sekä antavat lisätietoa taustalla vaikuttavista mekanismeista:
hypermetabolia, proteiinikatabolia, elinvauriot, muutokset solujen välisessä viestinnässä sekä
kasvutekijöiden ja solunulkoisen väliaineen vuorovaikutuksessa. Kudosparanemista olisi mah-
dollista tehostaa vaikuttamalla näihin solutason rakenteisiin ja prosesseihin. Tämä edesauttaisi
sepsispotilaiden hoitoa ja ennustetta sekä vähentäisi yhteiskunnalle aiheutuvia kustannuksia.

Asiasanat: haavan paraneminen, iho, immunohistokemia, kasvutekijä, metabolia,
metaboliitti, metabolomiikka, migraatio, proliferaatio, sepsis, solunulkoinen väliaine,
sytokiini
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1 Introduction 

Sepsis is a potentially lethal syndrome of physiological, biochemical and 

pathologic abnormalities leading to organ dysfunction induced by dysregulated 

host response to infection (Singer et al., 2016). The definitions for the terms in 

sepsis were established in 1991 by the American College of Chest Physicians 

(ACCP) and the Society of Critical Care Medicine (SCCM) in the first international 

consensus definitions for sepsis and septic shock conference (Bone et al., 1992). 

The definitions have been updated twice by the same consensus conference (Levy 

et al., 2003; Singer et al., 2016). Systemic Inflammatory Response Syndrome 

(SIRS) is an all-encompassing inflammatory process affecting the whole body as a 

response to an infectious or non-infectious insult. Earlier, sepsis was defined as 

SIRS caused by an infection (Levy et al., 2003). The SIRS criteria in defining sepsis 

have been proven to be inadequate (Kaukonen, Bailey, Pilcher, Cooper, & Bellomo, 

2015). Now, sepsis is defined as a life-threatening organ dysfunction caused by a 

dysregulated host response to infection (Singer et al., 2016). Organ dysfunction can 

be diagnosed when there is an increase of 2 points or more in the Sequential Organ 

Failure Assessment (SOFA) score (Vincent et al., 1998, 1996). SOFA and Acute 

Physiology and Chronic Health Evaluation (APACHE II) (Knaus, Draper, Wagner, 

& Zimmerman, 1985) scores are probably the most used algorithms in ICUs 

developed to predict morbidity and mortality in critical illness. Sepsis is a major 

cause of health loss worldwide and globally, every fifth death is caused by sepsis 

(Rudd et al., 2020). In high-income countries, the approximated incidence of 

hospital-treated severe sepsis is 148 cases per 100 000 persons annually, and the 

mortality rate is around 26% (Fleischmann et al., 2016). In Finland, the incidence 

of intensive care unit (ICU) treated sepsis is reported to be 0.38 cases per 1 000 

adults, with a hospital mortality rate of 28.3% as well as 1-year mortality rate of 

40.9% in severe sepsis (Karlsson et al., 2007). In a German study, the hospital 

mortality rate for severe sepsis was 42.6% and the mean direct ICU costs of care 

were around 23 000 € per patient (Moerer et al., 2002). Among patients admitted 

to ICU due to infection, surgical cite infections have been shown to be the third 

most common infection type with a prevalence of 21% of hospital acquired 

infections (Ylipalosaari, Ala-Kokko, Laurila, Ohtonen, & Syrjälä, 2006). 

Furthermore, surgical site infections are associated with increased treatment 

intensity, prolonged length of stay, readmissions and thus higher costs (de Lissovoy 

et al., 2009; Weigelt et al., 2010). Prolonged ICU and hospital stay increases the 

risk for additional complications such as pressure ulcers. 
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Skin is the only organ which is constantly in direct contact with the 

environment and pathogens, making it the major defensive barrier. Skin acts not 

only as a physical and immunological protective barrier, but it also has a vital role 

in regulation of acidity, fluid balance and body temperature. A skin destruction of 

only 15% of total body surface area may be life-threatening, and total rupture of 

the barrier function of the skin induces massive water loss followed by lethal 

hypovolemic shock (Blais, Parenteau-Bareil, Cadau, & Berthod, 2013). Genetic 

features of pathogens and the host alongside metabolic, mediator, immune and 

bioenergetic pathways are involved in the development of organ dysfunctions 

(Abraham & Singer, 2007). Skin wound healing is a complex multicellular process 

that aims at barrier restoration. 

Features that influence wound healing in critical illness are inadequate tissue 

perfusion, deleterious metabolism, altered immune status, poor nutrition, and local 

wound infection. Posttraumatic immunoparalysis has implications in developing 

sepsis and subsequent delays in wound healing and is a risk factor for surgical site 

infection (Williams & Harding, 2003). In wounds, a feeble inflammatory response 

increases the risk of infection and excessive inflammation contributes to disturbed 

wound healing (Florin et al., 2006; Wang, Han, Owens, Siddiqui, & Li, 2006). 

Critical illness and its care disrupt the skin homeostasis, and the skin is prone to 

infection, blistering, necrosis, pressure ulcers and impaired wound healing 

(Williams & Harding, 2003). Besides infections, septic patients are susceptible to 

other wound healing complications such as delayed wound healing, fascial 

dehiscence and anastomotic leaks (Barriere & Lowry, 1995; Rico, Ripamonti, 

Burns, Gamelli, & DiPietro, 2002). In addition to surgery and invasive cannulations, 

these disorders in skin function compromise the defensive barrier. Septic patients 

have a tendency to get spontaneous and iatrogenic wounds, and when combined 

with impaired wound healing, this can lead to substantial functional, esthetic and 

even lethal problems. These prolong the hospital stay and increase morbidity, 

mortality, and cost of care (Langemo & Brown, 2006). However, the explaining 

molecular mechanisms of impaired wound healing in sepsis are mostly unknown. 

This study observes skin wound healing mechanisms in severe sepsis. To 

improve the care and prognosis of skin injuries in sepsis it is utterly important to 

understand the molecular biological basis of tissue repair and regeneration as well 

as the natural response of the human body to systemic inflammation. In the future, 

this might enable us to find the tools to influence the impaired wound healing 

process in sepsis and provide knowledge to schedule surgery and other invasive 

procedures to optimize results. 
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2 Review of the literature 

2.1 Wound healing 

2.1.1 Structures of the skin and principles of wound healing 

The skin is the largest organ of the body measuring approximately 2 square meters 

(Mosteller, 1987). Skin senses pain, pressure and temperature, allowing it to 

thermoregulate and relay somatosensory information to the brain. The skin is also 

a mechanical barrier against water loss and outer pathogens (Belokhvostova et al., 

2018). Intracutaneous cellular and structural malfunctions predispose the skin to 

damage caused by external forces. Skin homeostasis is delicate, and when disturbed, 

the risk for pressure ulcers, prolonged wound healing and infection is increased. 

Extensive skin injury is an immediate threat to the patient and increases mortality 

(Barrientos, Stojadinovic, Golinko, Brem, & Tomic-Canic, 2008). The molecular 

mechanisms behind impaired wound healing in sepsis are poorly known. 

Epidermis is the outer layer of the skin and consists of multi-layered epithelium 

(mostly keratinocytes) and includes adnexal structures but no vasculature. The 

basement membrane (BM) separates epidermis from dermis, which consists of 

connective tissue comprising fibroblasts and adipocytes. The dermis is well 

vascularized and innervated. The uppermost layer is the papillary dermis; beneath 

it lies the reticular dermis consisting of fibroblasts that provide the bulk of 

collagenous extracellular matrix (ECM) which gives the structural support for the 

skin. Skin matrix composition, properties and quality change throughout the life as 

a result of ageing, lifestyle, diseases and the environment, but the principal ECM 

molecules stay the same. ECM is constituted from components synthesized 

intracellularly and deposited outside the cell surface providing structural and 

functional integrity to connective tissue and organs (Figure 1). However, ECM is 

more than a fiber network providing mechanical support. It also controls and 

regulates many cellular processes during wound healing. ECM provides a scaffold 

for migrating cells and adhesion sites for other molecules. ECM plays a major role 

in coordinating growth factor and cytokine signaling, which for its part is central 

in regulating tissue repair and regeneration. ECM molecules are divided into two 

main categories. Fibrous structural proteins and adhesive glycoproteins ensure the 

core structure and tensile strength of the tissue, provide adhesion sites for cells, and 

attach the matrix components. Proteoglycans are heavily glycosylated proteins that 
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are a major component of the ECM. Proteoglycans and glycosaminoglycans form 

a gel-like compound, which acts as shock absorber in tissues. The fibrous structural 

proteins in dermal ECM are mostly type I (80%) and type III collagens (10%). 

Glycoproteins, like tenascin, implant to the collagen-elastin scaffold. 

Glycoproteins are multi-modular in structure and are thus able to interact with 

many different ligands, such as growth factors, and provide cell adhesion sites. The 

ECM molecules of BM include laminin and type IV collagen. After skin injury, the 

damaged ECM is replaced by a provisional matrix by coagulation cascade. The 

provisional fibrin matrix is degraded and replaced by a collagen matrix different 

from the original intact ECM, seasoned with ECM proteins typical for this 

remodeling phase, such as tenascin. The definitive maturation of the collagen-

elastin structure happens over time in the remodeling phase (Barrientos et al., 2008; 

Briquez, Hubbell, & Martino, 2015; Broughton, Janis, & Attinger, 2006b; 

Rousselle, Montmasson, & Garnier, 2019; Schultz & Wysocki, 2009). 

2.1.2 Normal wound healing 

The ability of skin to function as a defensive barrier is determined by the cells 

which maintain the continuity and integrity of the skin as well as regenerate it after 

defects. Cells produce their own ECM and migrate over granulation tissue during 

the early wound healing phase. Keratinocytes are the cells that form the epithelial 

barrier. Cutaneous wound healing is a well-orchestrated interplay of cells and 

mediators aiming at quick restoration of the skin structure. 
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Fig. 1. ECM components in healthy skin and in healing wound. Asterisks indicate ECM 

parts associated with high affinity for several growth factors. (From Briquez et al., 2015. 

Reprinted with permission from Mary Ann Liebert, Inc. publishers). 

Normal wound healing is characterized by complex changes at the inter- and 

intracellular level. There are several partly overlapping phases involved in skin 

wound healing: hemostasis, inflammation, formation of granulation tissue, re-

epithelialization, reconstruction of the ECM and finally, remodeling (Figure 2). 

Disruption of the skin barrier leads to release of interleukin 1 (IL-1) from 

keratinocytes and this works as an alarm for other surrounding cells. The clotting 

cascade, activated by blood components in the wound, aims at hemostasis. The clot 

itself is a scaffold for inflammatory cells. Platelets release growth factors like 

epidermal growth factor (EGF), transforming growth factor (TGF-β) and platelet-

derived growth factor (PDGF). Pathogen neutralizing neutrophils are attracted to 

the wound site. Monocytes transform to macrophages and release several pro-

inflammatory growth factors (e.g., IL-6) and debride the environment. 

Angiogenesis is induced by vascular endothelial growth factor (VEGF) and 

fibroblast growth factor (FGF); this is an essential step preceding extracellular 

matrix synthesis and organization. Fibroblasts infiltrate to the wound site and are 

partly converted into myofibroblasts, which participate in the closure of the wound 
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by contracting. Re-epithelialization starts in a few hours from wounding induced 

by growth factors from the EGF- and FGF-families. Cell attachments are released 

to enable cell migration and proliferation. When the re-epithelialization is 

completed, keratinocytes stratify and differentiate to properly restore the epithelial 

barrier. Granulation tissue is removed and ECM components build up the new 

matrix. Collagen and elastin constitute the framework to which glycoproteins and 

proteoglycans attach. This new matrix is strengthened and remodeled under a 

longer period of time forming scar tissue (Barrientos et al., 2008; Broughton, Janis, 

& Attinger, 2006a; Broughton et al., 2006b). 

 

Fig. 2. Wound healing phases (From Sun et al, 2014. Reprinted with permission from the 

American Association for the Advancement of Science). 
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2.2 Wound healing in sepsis 

2.2.1 Skin dysfunction in sepsis 

During critical illness the skin is prone to infection, blistering, impaired wound 

healing, necrosis, and pressure ulcers. Many factors have impact on impaired 

wound healing in critical illness: disease burden and stress response, altered 

microcirculation and ischemia, contamination, elevated tissue pressure, edema, 

negative balance of energy consumption and nutrition (Williams & Harding, 2003). 

Infection and malnutrition both impair wound healing, but a mouse study suggests 

that short-term reduction in nutrient intake as a result of infection may be a major 

factor in impaired wound healing (Greenhalgh & Gamelli, 1987). Chronic opiate 

administration delays wound healing by inhibiting immune cell recruitment to the 

wound site (Martin et al., 2010) and sedative medication deteriorates microvascular 

response to ischemia (Lamblin, Favory, Boulo, & Mathieu, 2006). 

In skin failure, skin and underlying tissue die due to hypoperfusion as a result 

of microcirculatory abnormalities and several failing organs competing for the 

weakening peripheral circulation (Langemo & Brown, 2006; Trzeciak et al., 2007). 

There are several mechanisms responsible for hypoperfusion in skin: reduced skin 

blood flow, microvascular dysfunction, vasoconstriction, low tissue oxygen 

saturation, capillary obstruction by platelet aggregation and coagulation cascade 

activation (Ait-Oufella, Maury, Lehoux, Guidet, & Offenstadt, 2010; Lima & 

Bakker, 2005). Disseminated intravascular coagulation (DIC) arises from the 

immune system’s response to pathogen invasion or trauma. DIC is characterized by 

systemic activation of intravascular coagulation, insufficient control of 

anticoagulant pathways and suppression of fibrinolysis. Together, these changes 

lead to intravascular fibrin formation causing microvascular thrombosis, which 

compromises adequate blood supply to tissues and causes widespread ischemic 

tissue damage up to organ necrosis (Levi, 2007; Zeerleder, Hack, & Wuillemin, 

2005). Clinically, this manifests as extensive skin necrosis, known as purpura 

fulminans, and multiple organ dysfunction syndrome (MODS), and this 

phenomenon is associated with 50% mortality accompanied by long-term 

morbidity (Betrosian, Berlet, & Agarwal, 2006). Endothelial dysfunction is 

demonstrated in sepsis and is more pronounced in the skin of non-survivors than in 

survivors (Bourcier et al., 2017; Vaudo et al., 2008). 

Skin dysfunction is well seen in pressure ulcers, which easily appear in persons 

with a heavy disease burden. Soft tissue is pressed between bony prominences and 
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external surfaces causing local hypoperfusion and ischemia when prolonged. 

Hypoperfusion and low blood pressure, hypoxia, soft tissue edema, anemia, 

malnutrition, sedation and immobility increase the risk for pressure ulcers in septic 

patients (Langemo & Brown, 2006; Williams & Harding, 2003). 

Acute skin failure is also seen in toxic epidermal necrolysis and Stevens-

Johnsons syndrome. Skin erythema, edema, blistering and necrosis of the epidermis 

are detected in these diseases triggered by drug or infection (Harr & French, 2010). 

Large skin defects cause hypoalbuminemia, fluid loss, difficulties in temperature 

control and electrolyte balance as well as susceptibility to secondary skin infections 

(George, Harrison, Welch, Nolan, & Friedmann, 2008). 

2.2.2 Animal studies 

Several alterations in wound healing have been found in previous sepsis studies 

with experimental animals. In the earlier studies, systemic transient bacteremia and 

a distant inflammation from intradermal croton oil were reported to impair wound 

healing (De Haan, Ellis, & Wilks, 1974; Houck & Jacob, 1961) and systemic sepsis 

was reported to cause a delay in wound healing in a remote wound (Greenhalgh & 

Gamelli, 1987; M. P. Lin et al., 2006; Rico et al., 2002; Sommer et al., 2013). 

Collagen synthesis, deposition and organization are decreased in the skin, leading 

to deteriorated wound breaking strength (De Haan et al., 1974; Greenhalgh & 

Gamelli, 1987; Maish, Shumate, Ehrlich, & Cooney, 1998; Rico et al., 2002; 

Stamm et al., 2000), and wound re-epithelialization is delayed during sepsis in 

rodents (M. P. Lin et al., 2006; Rico et al., 2002; Sommer et al., 2013). In septic 

mice, skin collagen metabolism as well as granulation tissue penetration and quality 

are decreased, and these effects are attenuated with administration of TNF binding 

protein (TNFbp) (Cooney, Iocono, Maish, Smith, & Ehrlich, 1997; Maish et al., 

1998). In a murine peritonitis experiment, the recruitment of neutrophils to a remote 

site of secondary (skin) injury was shown to be decreased in sepsis (Swartz, Seely, 

Huang, Giannias, & Christou, 2000). Rico et al. also found the neutrophil and 

macrophage content of the remote wound to be reduced in septic mice (Rico et al., 

2002). These cells are an important source of cytokines. Sommer et al. have 

reported reduced levels of local pro-inflammatory cytokines TNF-α and TGF-β as 

well as matrix metalloproteinase (MMP) 7 and tissue inhibitor of metalloproteinase 

(TIMP) 1 in skin wounds of septic mice (Sommer et al., 2013). Maish et al. have 

found that inhibition of TNF-α by a TNFbp amplifies the negative effects of sepsis 

on skin wound healing (Maish et al., 1998). Lin et al. have reported improved 
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cutaneous wound healing in septic rats by using the transfection of DNA plasmid 

expression vectors of promigratory keratinocyte growth factor-1 (M. P. Lin et al., 

2006). It has been proposed that impaired wound healing in sepsis is due to acute 

nutritional depletion resulting from an infection (Greenhalgh & Gamelli, 1987), 

and growth hormone treatment does not improve tissue repair in sepsis-induced 

catabolic state (Stamm et al., 2000). 

However, it is important to remember that comparing the complex nature of 

human condition and a homogenous model of endotoxemia in a single genetic 

strain of mouse has its pitfalls (Lewis, Seymour, & Rosengart, 2016), which is why 

human sepsis wound healing studies are essential. 

2.2.3 Human studies 

Already in 1924, Alexis Carrel reported stagnated healing of war wounds during 

infection elsewhere in the body (Carrel, 1924). However, human studies about 

wound healing in sepsis are scarce. Patients undergoing major surgery 

accompanied by postoperative septic complications have impaired collagen 

synthesis in subcutaneous granulation tissue and among these persons, the 

reduction in healing capacity is more pronounced compared to surgical patients 

without sepsis (Jorgensen, Kallehave, Karlsmark, & Gottrup, 1996). Reduced 

collagen formation is also found in septic trauma patients and in severe sepsis 

patients (M. A. Clark, Plank, & Hill, 2000). Furthermore, in a study with severe 

sepsis patients there was no effect of systemic blockade of TNF on collagen 

accumulation (M. A. Clark et al., 2000). A significantly reduced neutrophil influx 

into the secondary inflammatory site (skin wound blisters) is seen in septic patients 

compared to healthy controls (Ahmed et al., 1999). Impaired wound healing in 

acute critical illness is associated with an excess hypermetabolic response (M. A. 

Clark et al., 2000). The previous studies of our group have reported delayed skin 

wound healing (Koskela et al., 2009) and diminished skin collagen synthesis in 

sepsis in humans (Gäddnä et al., 2010). The expression of laminin-332 and type IV 

collagen in the BM of intact skin was also diminished in septic patients compared 

to healthy controls (Koskela et al., 2015). Blister fluid and serum cytokine levels 

reflect skin dysfunction in sepsis (Koskela et al., 2017) and higher MMP levels are 

associated with more severe organ dysfunction (Gäddnäs et al., 2010). The results 

also suggest that fibrosis may be an important mechanism in the pathogenesis of 

MODS (Gäddnäs et al., 2009). 
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2.3 Metabolic dysfunction in sepsis 

Metabolic dysfunction is considered a key factor in the development and response 

to sepsis (Su et al., 2014). Increased energy consumption due to activation of 

inflammatory and immune responses combined with reduced oral energy intake 

lead to general catabolic state and metabolic reprogramming in sepsis (Figure 3). 

Glucose is the primary fuel in sepsis and in wound repair (Williams & Harding, 

2003). Breakdown of carbohydrate, lipid and also protein resources are observed. 

Glucose metabolism and fatty acid beta-oxidation are different in sepsis survivors 

and non-survivors (Langley et al., 2013). Hyperglycemia combined with insulin 

resistance is a well-known and multifactorial adaptive response in sepsis (Marik & 

Bellomo, 2013). Severe hyperglycemia induces mitochondrial damage, endothelial 

dysfunction, muscle weakness, acute kidney injury and liver dysfunction, among 

others (Gunst & Van den Berghe, 2016). Energy production is transferred towards 

faster aerobic glycolysis from slower oxidative phosphorylation (mitochondrial 

respiration). Alteration in mitochondrial respiration as well as mitochondrial 

dysfunction are associated with sepsis (Protti et al., 2007). 

 

Fig. 3. The metabolic reprogramming in sepsis has toxic consequences. Infection leads 

to direct tissue damage and inflammation, which further leads to hypoxia. Hypoxia is 
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vital to allow white blood cells to produce fast ATP from glucose and act promptly on 

the pathogens, and also to mobilize energy-rich molecules such as fatty acids and 

lactate, which are toxic in excessive amounts, however. ATP = adenosine triphosphate; 

WAT = white adipose tissue (From Van Wyngene et al. 2018. Open access article under 

the terms of the Creative Commons Attribution 4.0 License). 

Increased lactate levels in blood in sepsis result from increased aerobic glycolysis 

and are related to poor outcomes in sepsis (Nichol et al., 2010; Rishu et al., 2013). 

Glycolysis is important for immune cell functions like phagocytosis and cytokine 

production in pro-inflammatory macrophages (Jha et al., 2015; Yang et al., 2014). 

The amount of oxygen in tissues is quite normal in sepsis (M. Fink, 1997; M. P. 

Fink, 2015) but the tissues are not able to utilize the oxygen normally (Suetrong & 

Walley, 2016), which leads to hypoxic conditions. Oxidation of free fatty acids 

(FFA) is one source of energy during acute inflammation but may be disturbed in 

pro-inflammatory state. Deficits in FFA breakdown in sepsis lead to harmful 

accumulation of FFAs in organs, lipotoxicity, mitochondrial damage and energy 

shortage (Van Wyngene, Vandewalle, & Libert, 2018). In ketogenesis, ketone 

bodies are broken down from fatty acids and ketogenic amino acids to produce 

energy in response to starvation. In sepsis, increased availability of ketone bodies 

seems to protect against sepsis-induced muscle weakness (Goossens et al., 2019). 

Excessive muscle wasting in critical illness is due to proteolysis. Proteins are 

chopped into smaller polypeptides and amino acids needed in energy production 

and acute phase response. Several amino acids also have a remarkable role in 

inflammatory cells and cytokine production (Van Wyngene et al., 2018). 

Supplementation of amino acids has shown positive outcomes, such as reduced 

length of stay, in sepsis (Arts, Gresnigt, Joosten, & Netea, 2017). The main 

regulators of proteolysis in skeletal muscle during sepsis are unknown. 

2.3.1 The effect of immunological and metabolic dysfunction on 

wound healing 

Wounds and uninjured skin have different metabolic profiles (Sood et al., 2015). 

Mild short-term changes in metabolism are considered advantageous in eliminating 

pathogens and preventing tissue damage or ameliorating organ function without 

directly interfering with the host’s pathogen load (Soares, Gozzelino, & Weis, 

2014). Nevertheless, when prolonged or uncontrolled, the disturbances in 

metabolic homeostasis are harmful and may lead to life-threatening organ 

dysfunction (Balmer & Hess, 2017). Cellular metabolism is recognized to regulate 
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numerous important biological processes like signaling pathways, cell growth and 

proliferation. 

The outcome of wound healing depends on the regenerative capacity of the 

tissue and the quality of the inflammatory response. Inflammatory reaction after 

injury has three phases aiming to restore normal tissue architecture. In the early 

inflammatory phase, the innate immune response initiates the repair response by 

recruiting key inflammatory cells. When the key inflammatory cells such as 

macrophages switch to a reparative phenotype, the pro-inflammatory response 

fades. Finally, the inflammatory cells either exit the injury site or are eliminated 

through apoptosis, and tissue homeostasis is restored (Eming, Wynn, & Martin, 

2017). Inflammatory cells have many tasks at the wound site such as wound 

debridement and producing cytokines, growth factors, chemokines and metabolites. 

Dysfunction of this multidimensional response can lead to chronic wound or 

fibrosis (abnormal accumulation of collagenous connective tissue), which both 

impair tissue function, possibly followed by organ failure (Eming et al., 2017). 

Metabolic adaptation is not solely regulated by nutrient availability but is also 

controlled by immune signals that govern immune cell function (Vats et al., 2006). 

A quick immune cell response and the need to adjust their metabolic 

reprogramming during the tissue repair response may in turn regulate immune cell 

function at the wound site. Polarization dynamics of macrophages are important in 

regulating immune and nonimmune cells to initiate and terminate healing responses. 

Macrophages use glycolysis to fuel their antimicrobial and pro-inflammatory 

function, i.e. the production of the cytokines and growth factors needed in the 

initiation of wound healing response and regulation of ECM synthesis. In catabolic 

state amino acids and fatty acids are used as energy source (Eming et al., 2017). 

2.3.2 Metabolic changes affecting wound healing in critically ill 

patients 

There is a lack of specific studies reporting the effects of metabolic dysfunction on 

wound healing in sepsis. In critically ill or seriously injured patients, wound healing 

is impaired by the protein-catabolic, hypermetabolic and altered immune response 

to stress (Abdullahi & Jeschke, 2014; Meyer, Muller, & Herndon, 1994). In 

hypermetabolic state oxygen and energy consumption rise. Glycogen and fat 

storages run out quickly, and the elevated energy expenditure is compensated by 

gluconeogenesis and lipolysis (Abdullahi & Jeschke, 2014; A. Clark, Imran, Madni, 

& Wolf, 2017). Burn patients are able to oxidize amino acids at rates 50% higher 
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than those seen in healthy fasting individuals (Wolfe, Shaw, & Durkot, 1983). 

These alterations in metabolism manifest as loss of lean body mass, muscle wasting, 

decreased wound healing and immune incompetence (Porter, Herndon, Sidossis, & 

Børsheim, 2013; Wolfe, 2006). Prolonged hyperglycemia can cause wound 

infections and impaired wound healing (Ata, Lee, Bestle, Desemone, & Stain, 2010; 

Gore et al., 2001; Mraovic, Suh, Jacovides, & Parvizi, 2011; Velander et al., 2008). 

Oxygen is not only needed in protein synthesis and energy production, but it also 

enhances angiogenesis, cell proliferation and collagen synthesis in wound healing 

(Schreml et al., 2010). Low oxygen tension in the wound impairs wound healing 

(Jonsson et al., 1991; Stephens & Hunt, 1971). Prolonged hypoxia has deleterious 

effects on wound healing due to elevated levels of free radicals (Schreml et al., 

2010). 

2.4 Metabolomics 

2.4.1 Metabolomics in sepsis 

Acute critical illness causes significant disturbances in biochemical homeostasis. 

Metabolomics (i.e. the study of the metabolome) aims to identify and quantify the 

changes in concentrations of the endogenous metabolites in a biological sample, 

such as blood or urine. Metabolites are chemical fingerprints that cellular processes 

leave behind, a snapshot of gene function and enzyme activity. (Serkova, 

Standiford, & Stringer, 2011). Monitoring changes in metabolite levels is an 

important way to detect biological pathways and various pathological conditions. 

Metabolites reflect and magnify events occurring at the level of the genome, 

transcriptome, and proteome (Figure 4) (Kiehntopf, Nin, & Bauer, 2013). 
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Fig. 4. Systems biology techniques to monitor gene expression and function with focus 

on the metabolome. (From Kiehntopf et al, 2013. Reprinted with permission of the 

American Thoracic Society. Copyright © 2020 American Thoracic Society. All rights 

reserved). 

In untargeted metabolomics all metabolites in a sample are measured, whereas in 

targeted metabolomics certain metabolites are studied. Metabolic data is most often 

acquired by nuclear magnetic resonance (NMR) spectroscopy or mass 

spectrometry (MS). In NMR a sample in a NMR glass tube in a powerful magnetic 

field is excited with a radio frequency pulse. Alternation between the lower and 

higher energy spin states of the electrons generates a resonance unique for each 

substance and these responses are registered. In MS mass-to-charge ratio and the 

relative intensities of ionized compounds are detected. Molecules bombarded with 

charged elements are split into fragments separated within a magnetic field and 

sorted along their mass-to-charge ratio. Both methods can be used to detect and 

identify metabolites and measure their concentrations, but both methods have their 

strengths. NMR is a rapid quantitative high throughput method that is non-

destructive for the sample and needs only minimal sample preparation. MS is more 

sensitive in detection of low-abundant metabolites but is slower and more 

expensive. Thus, NMR and MS are rather complementary methods when analyzing 

metabolites in biological samples (Emwas, 2015; Evangelatos et al., 2017). The 

metabolic data acquired is analyzed by statistical methods. 

In sepsis, early diagnosis and accurate estimation of the disease severity are 

crucial but challenging due to remarkable biological and clinical heterogeneity of 

affected individuals with great variance in comorbidities, other injuries, age, 
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medications and source of infection. The prognosis of morbidity and mortality is 

based on scoring systems like SOFA. These systems are generic and directional in 

individual cases. Traditional biomarkers, such as lactate and procalcitonin (PCT), 

and conventional microbiology used in sepsis diagnostics are neither rapid nor 

accurate. The blood culture is positive in only every third patient, and in up to a 

third of cases cultures from all body sites are negative (Van der Poll et Opal, Lancet 

Infect Dis 2008). There is a lack of sensitive yet specific early prognostic 

biomarkers of sepsis and organ dysfunction. Individualized approaches based on 

high throughput omics technologies provide quickly and cost-effectively a lot of 

information about the changes in homeostasis in critical illness. In sepsis, 

metabolomics is a promising area of research. The impact of environmental 

disturbances on the metabolome results in changes that are dynamic and occur over 

shorter periods of time, and the number of metabolites is lower than the number of 

variant gene expression profiles and protein isoforms (Evangelatos et al., 2017). In 

sepsis, the survival rate is reported to decrease by 7.6% with every hour of delay in 

the initiation of therapy (Kumar et al., 2006) which is why relatively quick NMR 

spectroscopy is a promising tool in sepsis diagnostics. Metabolomic studies in 

sepsis have focused strongly on mortality prediction (Ferrario et al., 2016; Langley 

et al., 2013; Liu et al., 2019; Mickiewicz et al., 2015; Mickiewicz, Vogel, Wong, & 

Winston, 2013; Wang, Sun, Teng, & Li, 2020) or biomarker research (Fanos et al., 

2014; Garcia-Simon et al., 2015; Izquierdo-García et al., 2011; Neugebauer et al., 

2016; Schmerler et al., 2012). 

2.4.2 1H NMR in sepsis 

Proton nuclear magnetic resonance (1H NMR) spectroscopy utilizes the magnetic 

properties of the atomic nuclei in a molecule and the changes in the resonance 

frequency of the nuclei. Protons resonate in a high magnetic field, and every 

metabolite has its own unique spectrum that represents the environment of each 

proton (Stringer, McKay, Karnovsky, Quémerais, & Lacy, 2016). 

NMR spectra and metabolites in human serum have been identified in earlier 

studies (Nicholson, Foxall, Spraul, Farrant, & Lindon, 1995) and some have 

combined multivariate statistical analysis and pattern recognition with NMR data 

to distinguish critically ill patients from healthy controls (Mao et al., 2009; 

Mickiewicz, Vogel, Wong, & Winston, 2013; Singh et al., 2016). However, the few 

studies in which human sepsis metabolites in blood are analyzed with NMR 

spectroscopy report conflicting results (Blaise, Gouel-Cheon, Floccard, Monneret, 
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& Allaouchiche, 2013; Liu et al., 2019; Mickiewicz et al., 2014, 2013; Mickiewicz, 

Tam, et al., 2015; Mickiewicz, Thompson, et al., 2015; Singh et al., 2016; Stringer 

et al., 2011). 

2.5 Cytokines, growth factors and ECM in wound healing 

The success of wound healing depends greatly on the complex signal network of 

cytokines and growth factors and their interplay with the extracellular matrix 

(Briquez et al., 2015). Cytokines and growth factors are secreted by immune cells, 

keratinocytes, fibroblasts and other stromal cells and they modulate cell growth, 

differentiation and metabolism in autocrine, paracrine or endocrine manner. 

Whether the effect of these signaling molecules on the wound healing process is 

beneficial or harmful depends on timing and dose. Alteration in the amount of one 

cytokine affects the production of others. ECM acts as an intermediate landing for 

growth factors before the final target receptor on cell surface, thus steering the 

wound repair process by releasing different cytokines and growth factors at 

different pace. Cytokines and growth factors determine the transcription of proteins 

that control the cell cycle and behavior (Barrientos et al., 2008; Briquez et al., 2015). 

Excessive inflammation can damage healthy tissues and prolong wound 

healing. Supra-normally high levels of pro-inflammatory cytokines and proteolytic 

enzymes disturb the ECM microenvironment in chronic wounds. Thus, it is 

hypothesized that degradation of the ECM in chronic wounds is responsible for 

delayed healing and altered balance of ECM bound signaling molecules (Harding, 

Morris, & Patel, 2002). Reduced levels of growth factors and high fragmentation 

of ECM molecules have been observed in chronic wounds (Harding et al., 2002). 

There is a vicious cycle in chronic wounds: chronic inflammation causes 

inflammatory cells to excrete pro-inflammatory cytokines TNF-α and IL-1, which 

increase the production of MMPs and reduce the synthesis of TIMPs. Increased 

amounts of MMPs cause degradation of ECM inhibiting cell migration and 

collagen deposition and break down growth factors (Mast & Schultz, 1996). In 

many cancers the growth factor levels are remarkably high and in pathological 

scarring the matrix deposition is exaggerated. Wound healing is a dynamic process 

where non-healing wounds and pathological scarring are at the opposite ends. In 

the non-healing wound the healing cascade is arrested at some phase, and might 

lead to a progression-regression cycle. Not only infection but also lower levels of 

bacteria and exo- or endotoxins can delay wound healing. These prolong the 
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elevation of proinflammatory cytokines such as TNF-α and IL-1 (Edwards & 

Harding, 2004). 

Glucocorticoids inhibit wound repair in part by influencing the expression of 

cytokines (e.g., TNF-α, TGF-β, IL-1) and ECM components (e.g., collagen I and 

III, tenascin) (Beer, Fässler, & Werner, 2000). Glucocorticoids also inhibit 

keratinocyte migration and wound closure by interaction with the membrane bound 

glucocorticoid receptor in epidermal keratinocytes and the following signaling 

cascade (Jozic et al., 2017). 

2.5.1 Pro- and anti-inflammatory cytokines 

Pro-inflammatory cytokines, especially IL-6 and TNF-α, are upregulated during the 

inflammatory phase of wound healing (Werner & Grose, 2003). TNF-α can 

indirectly induce keratinocyte migration (Brauchle, Angermeyer, Hübner, & 

Werner, 1994) and is the primary inflammatory mediator in sepsis controlling other 

downstream cytokines such as IL-6 and IL-10 (Winning, Claus, Huse, & Bauer, 

2006). In the literature, the role of TNF-α in wound healing is controversial. This 

might be due to different amounts of TNF-α used or different settings (in vivo 

versus in vitro, animal versus human study) in the experiments. The tightly 

regulated interplay of different cytokines must be noted as well. Repeated 

application of TNF-α has been shown to inhibit granulation tissue formation in rats 

(Rapala et al., 1991; Rapala, 1996). Then, TNF-α might indirectly promote wound 

healing and epithelialization by inducing bone morphogen proteins (Yan et al., 

2010) and production of fibroblast growth factor (FGF) (Brauchle et al., 1994). 

TNF-α also has direct positive effects on wound epithelialization and 

neovascularization in mice (Frank, Born, Barker, & Marzi, 2003). IL-6 promotes 

collagen deposition and angiogenesis in cutaneous wound healing (Gallucci et al., 

2001; Gallucci, Sloan, Heck, Murray, & O’Dell, 2004; Z.-Q. Lin, Kondo, Ishida, 

Takayasu, & Mukaida, 2003; Sugawara, Gallucci, Simeonova, & Luster, 2001). 

Increased levels of IL-6 are detected in certain skin pathologies, such as psoriasis 

(Neuner et al., 1991). IL-6 knockout mice exhibit delayed wound healing with 

attenuated leukocyte infiltration, re-epithelialization, angiogenesis, and collagen 

accumulation (Gallucci et al., 2000; Z.-Q. Lin et al., 2003). Anti-inflammatory 

cytokine IL-10 restricts the infiltration of neutrophils and macrophages to the 

wound site and inhibits the expression of chemokines and pro-inflammatory 

cytokines (Sato, Ohshima, & Kondo, 1999). Neutrophils and macrophages are 

needed in the initiation of the healing process. Overexpression of IL-10 decreases 
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inflammatory mediators and promotes regenerative healing in adult murine model 

of wound healing (Peranteau et al., 2008), but mice deficient for IL-10 have 

accelerated wound closure, which speaks for the beneficial effects of the local 

inflammatory response on the repair process (Eming et al., 2007). 

2.5.2 VEGF 

VEGF is mainly a proangiogenic growth factor giving stimulus to formation of new 

blood vessels and increased vascular permeability, but it also has some influence 

on re-epithelialization and formation of granulation tissue (Barrientos et al., 2008; 

Johnson & Wilgus, 2014). A major stimulus for the release of VEGF during wound 

healing is hypoxia due to metabolic derangements in the damaged tissue (Detmar 

et al., 1997). Most studies suggest that enhancing VEGF levels in healthy animals 

does not remarkably accelerate wound closure or increase re-epithelialization but 

reducing VEGF activity delays wound healing (Johnson & Wilgus, 2014). Diabetic 

mice with impaired wound healing have fewer blood vessels and lower VEGF 

levels in wounds, and application of VEGF accelerates wound closure and 

improves breaking strength (Johnson & Wilgus, 2014). VEGF levels also positively 

correlate to the amount of granulation tissue and dermal repair (Johnson & Wilgus, 

2014). Although the expression of VEGF is elevated in chronic leg ulcers, increased 

proteolytic activity results in tissue degradation and impaired wound healing 

response (Lauer et al., 2000). Exogenous VEGF on ischemic skin wounds in mice 

resulted in increased tensile strength and angiogenesis (F. Zhang et al., 2003). 

VEGF also plays a role in the pathogenesis of psoriasis (Canavese, Altruda, 

Ruzicka, & Schauber, 2010; Li et al., 2014) and skin cancers (Larcher, Murillas, 

Bolontrade, Conti, & Jorcano, 1998; Rossiter et al., 2004).  

2.5.3 IL-4 

Immunoregulatory cytokine IL-4 inhibits the macrophage production of 

proinflammatory cytokines in part via transcriptional restraining (Curtis, 2006) and 

reduces inflammation by suppressing the production of IL-1 (Chomarat et al., 

1995). Overexpression of IL-4 is observed to delay wound closure and wound 

tensile strength (Zhao, Bao, Chan, DiPietro, & Chen, 2016). IL-4 also modifies 

keratinocyte gene expression, preventing keratinocyte maturation and impairing 

wound re-epithelialization by inhibiting the production of the ECM molecule 

fibronectin (Serezani et al., 2017). 
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2.5.4 EGF and bFGF 

Keratinocytes are the major component of epidermis, and after injury, effective 

migration of keratinocytes is essential for successful re-epithelialization. Members 

of the EGF and FGF families play a major role in skin epithelialization (Seeger & 

Paller, 2015; Shirakata, 2010) and keratinocyte migration seems to be universally 

conveyed through epithelial growth factor receptor (EGFR) in vitro (Koivisto, 

Jiang, Häkkinen, Chan, & Larjava, 2006). 

Studies show that EGF stimulates epithelial cell growth, enhances epidermal 

regeneration and accelerates epithelialization (Nanney, 1990; Shen, Sun, Zhu, & 

Qi, 2017). EGF or EGFR knockout mice show impaired wound re-epithelialization 

(Repertinger et al., 2004; Shirakata et al., 2005), and EGF levels were also 

decreased in chronic human wounds (Cooper et al., 1994). In several animal and 

human studies, application of EGF is suggested to have beneficial effects on skin 

wound healing (Brown, Curtsinger, Jurkiewicz, Nahai, & Schultz, 1991; Brown et 

al., 1989; Y. Matsumoto & Kuroyanagi, 2010; Park et al., 2018; Tsang et al., 2003). 

EGF treatment seems to have stimulatory effects on wound healing due to increased 

proliferation of collagen producing fibroblasts (Laato, 1988). 

Basic fibroblast growth factor (bFGF or FGF-2) increases keratinocyte motility 

in re-epithelialization (Sogabe, Abe, Yokoyama, & Ishikawa, 2006), promotes 

migration of fibroblasts (Schreier, Degen, & Baschong, 1993), stimulates 

angiogenesis (Presta, Moscatelli, Joseph-Silverstein, & Rifkin, 1986), and partly 

regulates the synthesis and degradation of ECM (Xie et al., 2008). Thus, bFGF is 

thought to accelerate wound healing and improve the quality of the process and to 

have an antiscarring effect (Xie et al., 2008). Delayed wound healing and re-

epithelialization are detected in bFGF knockout mice (Bikfalvi, Klein, Pintucci, & 

Rifkin, 1997; Ortega, Ittmann, Tsang, Ehrlich, & Basilico, 1998). Therapeutic use 

of bFGF to promote wound healing is a future prospect (S. Matsumoto et al., 2013). 

2.5.5 TGF-β 

TGF-β is a multifunctional growth factor that regulates re-epithelialization, 

enhances synthesis and deposition of multiple ECM components and reduces 

proteolytic degradation of ECM by downregulating protease synthesis (Schmid et 

al., 1993; Schultz & Wysocki, 2009; Werner & Grose, 2003). In the literature, TGF-

β is known as the most potent growth factor inducing myofibrinogenesis (Hinz, 

2016). Thus, TGF-β is deeply involved in scar formation. TGF-β is also involved 
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in upregulating VEGF expression and angiogenesis (Ferrari, Cook, Terushkin, 

Pintucci, & Mignatti, 2009). In several studies, overexpression of TGF-β has 

induced skin inflammation and inflammatory diseases, impairing wound healing 

(Han, Li, Singh, Wolf, & Wang, 2012). Topical application of TGF-β has shown to 

improve the rate of cutaneous wound healing and strength in animal studies 

(Flanders & Burmester, 2003). Exogenous application of TGF-β is reported to 

stimulate formation of granulation tissue but dysregulated overproduction is 

connected to dermal fibrosis (Schmid, Itin, Cherry, Bi, & Cox, 1998). Despite the 

observed enhanced epidermal proliferation, the lack of TGF-β receptor II results in 

impaired wound healing with failure of wound contraction and fibrous scar 

formation in a transgenic mouse model (Denton et al., 2009). 

2.5.6 ECM components 

Considering wound healing, there are four major categories of ECM components: 

multidomain adhesive glycoproteins such as laminin, matricellular proteins such as 

tenascin-C, structural proteins such as collagens and glycosaminoglycans, and 

proteoglycans such as hyaluronan and syndecans. 

BM is a sheet-like ECM structure separating the epidermis and dermis but 

annexing their functions. BM also provides tissues integrity, a signaling platform 

and protective barrier. Laminins and collagen IV generate two independent but 

interconnected networks building the foundation for BM. Laminin-332 is essential 

to epidermal attachment being the major component of anchoring filaments 

(Pulkkinen et al., 1994; Rousselle, Lunstrum, Keene, & Burgeson, 1991), 

regeneration of the BM and re-epithelialization. Increased expression of laminin-

332 precedes that of other ECM components after tissue injury, and successful re-

organization of BM enables re-forming of the coherent epithelial surface (Rousselle 

et al., 2019). Disturbances in laminin-332 expression in the skin leads to dermal-

epidermal separation, skin fragility and blistering (Pulkkinen & Uitto, 1999). 

Accumulation of autoantibodies to laminin-332 causes acquired autoimmune 

blistering disease in humans (Domloge-Hultsch et al., 1992; Shimizu et al., 1995) 

and direct dermal-epidermal separation in an animal model (Lazarova, Yee, Darling, 

Briggaman, & Yancey, 1996). Linkages between collagen IV molecules produce a 

nonfibrillar polygonal assembly that serves as scaffolding for the deposition of 

other matrix glycoproteins and the attachment of cells (Aumailley & Timpl, 1986; 

Charonis, Tsilibary, Yurchenco, Furthmayr, & Coritz, 1985; Yurchenco, Tsilibary, 

Charonis, & Furthmayr, 1986). In some studies, the presence of autoantibodies to 
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type IV collagen are associated with rheumatologic diseases such as scleroderma 

(Mackel, Delustro, Delustro, Fudenberg, & Leroy, 1982; Petty, Hunt, & Rosenberg, 

1986). 

Tenascin-C is a large glycoprotein with many tasks: tenascin-C show context-

specific regulation of immune cell function, stimulation of subsequent re-

epithelialization, tissue reconstruction and remodeling by promoting cell migration 

and proliferation, ECM synthesis and assembly, angiogenesis, wound contraction 

and cell death (Midwood & Orend, 2009). In normal skin the levels of tenascin-C 

are low, but the expression is induced in inflammatory or infectious environment, 

and tenascin-C levels are high upon tissue injury (Midwood & Orend, 2009). 

Strong expression of tenascin-C is observed in patients with hyperproliferative 

epidermis, i.e. in psoriasis (Gerritsen, Elbers, De Jong, & Van De Kerkhof, 1997) 

or blistering diseases (Schenk, Bruckner-tuderman, & Chiquet-Ehrismann, 1995), 

while being absent in keratinocyte pathologies missing hyperproliferative pathways 

(Schalkwijk et al., 1991). Expression of tenascin-C can be induced by several 

cytokines and growth factors (Orend & Chiquet-Ehrismann, 2006), reactive oxygen 

species (Yamamoto et al., 1999), hypoxia (Gebb & Jones, 2003), and mechanical 

stress (Chiquet, Sarasa-Renedo, & Tunç-Civelek, 2004; Sarasa-Renedo & Chiquet, 

2005). Prolonged expression of tenascin-C is associated with excessive ECM 

deposition and fibrotic diseases such as pulmonary fibrosis (Kaarteenaho-Wiik, 

Mertaniemi, Sajanti, Soini, & Pääkkö, 1998). Tenascin-C knockout mice lack 

migrating keratocytes in corneal suture injury (Matsuda, Yoshiki, Tagawa, Matsuda, 

& Kusakabe, 1999), have defective blood vessel formation (Ballard et al., 2006; 

Tanaka, Hiraiwa, Hashimoto, Yamazaki, & Kusakabe, 2004), and exhibit delayed 

infiltration of myofibroblasts upon myocardial infarction, having an influence on 

wound contraction (Tamaoki et al., 2005). In humans, the absence of tenascin 

isoform X causes Ehlers-Danlos syndrome hypermobility form, manifesting as 

hyperextensible skin and joints, vascular fragility and poor wound healing (Burch 

et al., 1997). 

Syndecan-1 (CD-138) is a multifunctional integral membrane proteoglycan 

expressed on mature epithelial cells. Syndecan-1 is capable of binding to other 

ECM proteins, glycoproteins and growth factors and is thus a central factor in 

regulating tissue regeneration (Chung, Multhaupt, Oh, & Couchman, 2016; Elenius 

et al., 1991; Oksala et al., 1995). Syndecan-1 also acts as a co-receptor for laminin-

332, mediating keratinocyte migration during epidermal repair (Carulli et al., 2012). 

Syndecan-1 is needed in the formation and release of extracellular vesicles (Baietti 

et al., 2012). Syndecan-1 is upregulated during wound healing and induces 
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inflammation, arteriogenesis, cell migration and proliferation (Elenius et al., 1991; 

Ojeh et al., 2008; Stepp et al., 2002). 

In the proliferative phase of wound healing epithelial cells migrate through the 

provisional matrix composed of proteins like tenascin and procollagen type I 

aminoterminal propeptide (PINP). This temporal ECM acts as a support for 

migrating fibroblasts. During the biosynthesis of collagen I, the aminoterminal 

propeptides are chopped from the procollagen molecules in equal amounts with 

collagen molecules and thus reflect the synthesis rate of collagen I (Risteli & Risteli, 

2003), which is the most common protein in the body and provides the tensile 

strength to the skin (Broughton et al., 2006b). Several studies suggest that collagen 

I has a role in re-epithelialization (Rousselle et al., 2019). 

2.6 Myofibroblasts and alpha-SMA in wound healing 

Myofibroblasts are specialized fibroblasts and the main producers of collagen in 

healing wounds. Myofibroblasts are able to contract by using a smooth muscle type 

actin-myosin complex rich in alpha smooth muscle actin (α-SMA). Thus, 

myofibroblasts are involved in the contraction and closure of wounds (Hinz, 2016). 

They also have a major role in the development of the fibrotic response (Cherng, 

Young, & Ma, 2008). Alpha-SMA is commonly used as a marker of myofibroblast 

synthesis. Myofibroblasts are normally eliminated from granulation tissue by 

apoptosis after wound closure, but persistence of myofibroblast activity will lead 

to tissue deformation by fibrosis, as in Dupuytren disease (Desmouliere, Redard, 

Darby, & Gabbiani, 1995; Gauglitz, Korting, Pavicic, Ruzicka, & Jeschke, 2011). 

2.7 Extracellular vesicles in wound healing 

Extracellular vesicle is a generic term for particles naturally released from the cell 

that are delimited by a lipid bilayer and cannot replicate (Théry et al., 2018). 

Extracellular vesicles carry a cargo of proteins, lipids, metabolites, and nucleic 

acids. Extracellular vesicles include exosomes, ectosomes, microvesicles, and 

oncosomes, among others. Because of the unclear and sometimes contradictory 

definitions of EV subtypes, it is nowadays recommended to use only the term 

extracellular vesicle for clarity (Witwer & Théry, 2019). Previously, exosomes were 

defined as nanoparticles that participate in modulation of cellular activities, 

intercellular communication and transfer of functional genetic information, thereby 

influencing the immune system. There are several fresh studies concerning the 
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beneficial effects of extracellular vesicles on inflammatory response, wound 

healing and scar formation (Hu et al., 2019). It has been suggested that 

mesenchymal stromal cell (MSC) derived extracellular vesicles including MSC 

exosomes promote the switching of recipient’s macrophage toward the anti-

inflammatory M2 phenotype (Sicco et al., 2017) and that MSC-derived 

extracellular vesicles have a beneficial effect on wound healing (Zhang et al., 2015). 

2.8 Summary of the literature review 

– Sepsis is a life-threatening organ dysfunction caused by dysregulated host 

response to infection. Skin is the largest organ and defensive barrier of the body, 

and also the only organ that always has direct contact with pathogens. 

– Septic patients are susceptible to wound healing complications compromising 

the protective function of the skin. 

– Mild short-term changes in metabolism are considered advantageous in 

eliminating pathogens and preventing tissue damage or ameliorating organ 

function without directly interfering with the host’s pathogen load. However, 

when prolonged or uncontrolled, the disturbances in metabolic homeostasis are 

harmful and may lead to life-threatening organ dysfunction 

– Uninjured skin and wounds have different metabolic profiles. In a critically ill 

patient, wound healing is impaired by the catabolic, hypermetabolic and altered 

immune response to stress. 

– Cellular metabolism is recognized to regulate numerous important biological 

processes like signaling pathways, cell growth and proliferation. 

– The success of wound healing depends on a complex signal network of 

cytokines and growth factors and their interplay with the extracellular matrix. 
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3 Aims of the study 

The general purpose of this study is to add knowledge about disturbed skin wound 

healing in sepsis and the mechanisms behind it. 

The following questions are especially of interest: 

1. Are there differences in metabolite concentrations in 1H NMR analysis 

between sera taken from septic patients and healthy controls? Could these 

alterations in concentrations describe metabolic derangements in sepsis and its 

association with the severity of illness and impaired wound healing? 

2. Are cell migration and proliferation altered in an in vitro wound in sepsis? How 

do different concentrations of cytokines and extracellular vesicles affect these 

processes? 

3. Are there differences in skin microstructures in an in vivo epithelial wound 

detected by immunohistochemistry between sepsis patients and healthy 

controls? Is the expression of cytokines and growth factors, basement 

membrane proteins and extracellular matrix components altered in septic skin, 

and how does this impact on wound healing? 
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4 Patients and methods 

4.1 Patients and the study design 

This multidisciplinary study is a secondary analysis of a previously published 

cohort (Gäddnäs et al., 2009). The study is divided into sub-studies (studies I–III) 

corresponding to the list of original publications. The study was conducted in 

collaboration with the Departments of Anesthesiology, division of Intensive Care 

Medicine, and Surgery of Oulu University Hospital, the Cancer and Translational 

Medicine Research Unit, University of Oulu, and the Medical Research Center of 

Oulu. The Department of Applied Physics & SIB Labs, the Institute of Dentistry, 

University of Eastern Finland, and the Educational Dental Clinic, Kuopio 

University Hospital, were involved in study I. The Institute of Biomedicine and 

Biocenter of Oulu, University of Oulu, collaborated in study II. Study III was 

conducted in association with the Department of Pathology, Oulu University 

Hospital. The study protocol was approved by The Regional Ethics Committee and 

Operative Division of the Northern Ostrobothnia Hospital District (Register 

Number 50/2005). The measurements in study I were conducted in the Department 

of Applied Physics & SIB Labs, University of Eastern Finland. The laboratory work 

for study II was mainly performed in the dentistry research laboratory, and for study 

II–III, in the research laboratory of the Institute of Biomedicine and Biocenter of 

Oulu. The immunohistochemistry for study III was accomplished in the 

Department of Pathology. 

The study was conducted during a 20-month study period (from May 2005 to 

December 2006) in a 12-bed mixed-type adult intensive care unit in Oulu 

University Hospital, Oulu, Finland. The inclusion criteria for this study were 

diagnosis of severe sepsis according to the ACCP/SCCM criteria (Bone et al., 1992; 

Levy et al., 2003). The exclusion criteria were age under 18 years, surgery not 

related to sepsis, surgery during the preceding 6 months, malignancy, bleeding 

disorder, and chronic renal or hepatic failure and immunosuppressive treatment not 

related to sepsis. In addition, death or transfer to another hospital shortly after 

admission led to exclusion from the study. Patients entered the study when a 

diagnosis of severe sepsis was set and within 48 h (24 h in study I and II) after the 

first organ dysfunction (Table 1) was found. Of the 1 361 patients admitted to the 

ICU at Oulu University Hospital, 238 had severe sepsis and 66 met the inclusion 

criteria. Written informed consent was obtained from 44 patients or their surrogate 
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decision maker. The controls were 14 age-matched volunteers from a pension club. 

In studies I and II, serum samples from all patients and controls were involved. In 

study III, healing suction blister wounds were excised from 15 patients and 10 

control participants. 

Table 1. Organ dysfunction criteria. 

Term Explanation 

Organ dysfunction SOFA score 1-2 in one organ system 

Organ failure SOFA score 3-4 in one organ system 

MODS SOFA score 1-2 in two or more organ systems 

MOF SOFA score 3-4 in two or more organ systems 

4.2 Clinical data 

The following information was collected from the patients: age, gender, chronic 

diseases, type of ICU admission (medical or surgical), reason for admission, focus 

of infection, prevalence of septic shock, severity of underlying diseases on 

admission as assessed by APACHE II, and evolution of daily organ dysfunctions 

assessed by daily SOFA scores. The length of stay at the ICU was recorded as well 

as 30-day mortalities (Table 2). The patients were treated according to the normal 

ICU protocol and severe sepsis guidelines (Dellinger et al., 2004). 

Table 2. Patient demographics. Data is expressed as medians and 25th to 75th 

percentiles or with frequencies and percentages. 

Characteristics studies I–II study III 

Patients, n 44 patients (all)  15 patients 

Male gender, n (%) 29 (66%) 11 (73%) 

Age, years 63 (56 to 71) 64 (58 to 72) 

Septic shock, n (%) 38 (86%) 14 (93%) 

Length of stay in the ICU1, days 7 (4 to 12) 8 (4 to 11) 

30-day mortality, n (%) 11 (25%) 2 (13%) 

APACHE II2 on admission, points 26 (22 to 31) 23 (16 to 27) 

SOFA3 score on admission, points 8 (6 to 12) 6 (5 to 8) 

SOFA score maximum, points 10 (7 to 16) 8 (7 to 10) 

MODS4, n (%) 14 (32%) 5 (33%) 

MOF5, n (%) 30 (68%) 10 (67%) 

1 intensive care unit, 2 acute physiology and chronic health evaluation II, 3 sequential organ failure 

assessment, 4 multiple organ dysfunction syndrome, 5 multiple organ failure 
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The control group consisted of 14 (studies I and II) or 10 (study III) healthy age- 

and gender-matched volunteers; eight of them (57%) were men in studies I and II, 

and 4 (40%) in study III. The median age of the whole control group was 61 years 

(25th to 75th percentile, 56 to 69 years); in study III, it was 64 years (59 to 70). 

Serum samples were collected within 24 h from noticing the first sepsis-

induced organ dysfunction. SOFA score 1 to 2 in one organ system on one or more 

days during the study period qualified as organ dysfunction (Levy et al., 2003; 

Vincent et al., 1996). Serum samples were taken from the healthy controls as well. 

Blood was collected into 10 mL vacutainer tubes without any additional ingredients 

and the handling process was performed by an accredited laboratory within 2 h in 

stable conditions (Bernini et al., 2011). After 30 minutes of clotting in room 

temperature the samples were centrifuged, separated, and frozen, first at -25°C and 

then stored at -70°C within 24 h. To control the quality, the metabolite 

concentrations of fresh clinical samples were compared with the study samples of 

these patients. Glucose, lactate and creatinine values were detected to be within 

range. 

4.3 Nuclear magnetic resonance spectroscopy 

In our research, 260 µL of serum and 260 µL of sodium phosphate buffer 

(75 mmol/L Na2HPO4 in 80%/20% H2O/D2O, pH 7.4) were mixed and transferred 

to the NMR tubes. The high-resolution one-dimensional (1D) proton (1H) NMR 

spectrum was acquired using a Bruker AVANCE III HD spectrometer (Bruker, 

Billerica, MA, USA) operating at 600.20 MHz, equipped with an inverse triple 

resonance cryoprobe (Bruker CryoProbe Prodigy), and the spectrometer was 

controlled via TopSpin 3.2 (Bruker) software. Before measurement, the samples 

were preheated to 37°C and then automatically shimmed using the TopShim routine 

(Bruker). The samples were handled in 96-well plates. Each plate contained two 

quality control samples: a serum mimic to monitor the consistency of 

quantifications, and a mixture of two low-molecular-weight metabolites as a 

technical reference to monitor the performance of the spectrometer (Soininen, 

Kangas, Würtz, Suna, & Ala-Korpela, 2015). For all the samples, lipoprotein and 

low-molecular-weight metabolite (LMWM) data were automatically collected. The 

lipoprotein data were picked applying a Bruker noesy presat pulse sequence, and 

the lipoprotein window was dominated by broad signals arising from 

macromolecules, such as lipoprotein lipids and albumin. In the LMWM window a 

Carr-Purcell-Meiboom-Gill pulse sequence that suppressed the macromolecule 
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signals was applied, and this enhanced the detection of smaller molecules. The 

samples went through a standardized multi-step lipid extraction procedure, after 

which the extracted lipid data was collected. For all the samples, a constant receiver 

gain setting was used. The raw NMR spectra were manually corrected for phase 

using TopSpin 3.0 software (Bruker BioSpin GmbH), and to quantify the 

metabolites found the constrained total-line-shape fitting tool in PERCH NMR 

software (PERCH Solutions Ltd., Kuopio, Finland) (Soininen, Haarala, 

Vepsäläinen, Niemitz, & Laatikainen, 2005) was used. This enables accurate 

quantification of the identified metabolites even if the signals overlap or the 

baseline is not linear (Soininen et al., 2005). An internal reference compound, 

trimethylsilylpropanoic acid (TSP), was used as reference to the signal areas. It is 

known that TSP binds to albumin, and the bound fraction becomes invisible in the 

NMR spectra (Beckonert et al., 2007); thus the use of TSP as an internal standard 

for low-molecular weight molecules is problematic. In our study, spectral 

information of the actual sample also underwent various comparisons with the 

spectra of two quality control samples, and the information achieved by control 

samples was used to help in a regression model to produce reliable quantified data. 

A more specific description of the experimentation is available by Soininen et al. 

(Soininen et al., 2015, 2009). The final metabolite concentrations in serum are 

reported as mmol/L. 

4.4 Cell culture assays 

4.4.1 Serum samples and cell lines in cell assays 

Individual serum samples were filtered and pooled for final serum concentrations 

of 1% (in migration tests) or 10% (in proliferation tests) in serum-free cell culture 

medium. Serum pools consisted of 44 sepsis-serum samples on study day one, 36 

samples on day four, and 22 samples on day nine. Also, a single pool of 14 healthy 

control serum samples was formed. We used 1% or 10% fetal bovine serum (FBS; 

Invitrogen, Carlsbad, CA, USA) as an experimental control. 

Human adult low-calcium high-temperature (HaCaT) cells are a spontaneously 

transformed human epithelial cell line from adult skin, and these immortalized 

keratinocytes maintain full epidermal differentiation capacity. HaCaT cells have 

unlimited growth potential, yet without tumorigenic properties (Boukamp et al., 

1988). HaCaT cells were maintained in Dulbecco’s modified Eagle’s medium 
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(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) enhanced with 10% heat-

inactivated FBS, 100 μg/mL streptomycin, 100 U/mL penicillin, 250 ng/mL 

fungizone, 1 mM sodium pyruvate, and 50 μg/mL ascorbic acid (all from Sigma-

Aldrich). HaCaT cells were derived from a freeze-down batch, which was thawed 

and grown to confluence in a 175 cm2 flask at 37°C, in 5% CO2, and 95% humidity. 

The number of passages in all cell lines was less than 23. 

4.4.2 Assay of keratinocyte proliferation 

HaCaT cells (105 cells per well) were seeded and cultured for 24 h on 96-well plates 

and 100 µL of 10% test serum cocktail was pipetted into each well. Again, the 

plates were incubated for 24 h. According to the manufacturer’s instructions (Roche 

Diagnostics, Basel, Switzerland), cell proliferation was quantified via a 

colorimetric immunoassay of the incorporation of the thymidine analog 5-bromo-

2’-deoxyuridine (BrdU) during DNA synthesis. To measure absorbance values, 

Victor3 V 1420 Multilabel Plate Counter (PerkinElmer, Waltham, MA, USA) was 

used at a wavelength of 355 nm. BrdU proliferation assays were performed in 

triplicate and mean values were written down. 

4.4.3 Assay of keratinocyte viability 

HaCaT cells (105 cells per well) were seeded on 96-well plates and cultured for 

24 h in stable conditions. In each well, 100 µL of 10% test serum cocktail was 

pipetted onto the HaCaT cells. The plates were then incubated for 48 h. According 

to the manufacturer’s instructions (Sigma-Aldrich), cell viability was measured 

with 3-[4,5-dimethylthiazol-2-yl]-2-5-diphenyl tetrazolium bromide (MTT) assay 

where the number of living cells was evaluated measuring mitochondrial 

dehydrogenase activity with a Victor3 V 1420 Multilabel Plate Counter 

(PerkinElmer) at a wavelength of 544 nm. MTT assays were performed in triplicate 

and mean values were written down. 

4.4.4 Keratinocyte (HaCaT) migration by horizontal wound healing 

assay 

Keratinocyte monolayer and a modification of scratch wound assay was used to 

investigate the migration process of sheets of cells. These methods are inexpensive 

and simple to carry out, but they lack the complexity of in vivo keratinocyte 
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migration, which should be taken into account when establishing the clinical 

relevance. 

The wounds were made by plating the counted cells into commercial inserts 

(Ibidi GmbH, Munich, Germany) instead of scratching. In the migration tests, 

1 x 105 or 2 x 105 cells per well were seeded and cultured on a 24-well plate in 

culture inserts, and the silicone insert was removed after 24 h of incubation. The 

resulting cell patch was split into two parts separated by a 500-µm cell-free zone, 

the wound. Then, cell-culture medium was replaced with serum-free medium 

supplemented with 1% test serum samples. After 0, 12, 24, 36, and 48 h of 

incubation, reduction in wound surface area as a mark of cell migration was 

recorded with a digital inverted microscope (Evos fl AMF-4302, AMG Life 

Technologies, Carlsbad, CA, USA) and an in vivo microscope camera (ICX285AL 

monochrome CCD, Sony, Tokyo, Japan). The plates were incubated at 37°C in 

stable conditions between measurements. ImageJ (Schneider, Rasband, & Eliceiri, 

2012) was used to measure open-wound areas on the digital images. There were 4 

to 8 wounds in each study group. The mean value of the remaining cell-free area at 

each time point in every group was calculated as well as the percentage by which 

the initial gap width decreased at each time point. 

Furthermore, the horizontal wound healing assay was used in which 1% 

healthy or sepsis serum pools were supplemented with 5, 10 or 50 ng/mL of EGF 

or TNF-alpha (both from ProSpec, East Brunswick, NJ, USA) as well as 1, 10 or 

50 µg/mL of EGFR inhibitor (Erbitux (cetuximab) 5 mg/mL, Merck, Germany). In 

this assay, 1% healthy and sepsis serum samples without supplements served as 

controls. The number of wounds was between 4 and 8 in each group, and the test 

was performed three times. 

4.4.5 Extracellular vesicles isolation 

To isolate extracellular vesicles, human normal gingival fibroblasts (NF) 

(Kylmäniemi, Oikarinen, Oikarinen, & Salo, 1996) were utilized. NF cells were 

maintained in DMEM (Sigma-Aldrich) enhanced with 10% heat-inactivated FBS, 

100 μg/mL streptomycin, 100 U/mL penicillin, 250 ng/mL fungizone, 1 mM 

sodium pyruvate, and 50 μg/mL ascorbic acid (all from Sigma-Aldrich) and 

incubated at 37°C in 5% CO2. For extracellular isolation 500 000 cells were seeded 

in 175 cm2 flasks. Cells were cultured for 24 h in normal culture medium, then 

washed once with phosphate buffered saline. Serum-free medium supplemented 

with a 1% test serum pool of healthy or day one sepsis sera was added to the flasks, 
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collected after 48 h and centrifuged at 300 x g for two minutes. The supernatant 

was then collected and stored at -70°C. Upon extracellular vesicle isolation, 

conditioned medium was thawed and ultracentrifuged at 10 000 x g for 90 minutes 

at +4°C in a swinging bucket TH-641 rotor (Thermo Fisher Scientific Inc., Waltham, 

MA, USA). The supernatant was removed to a fresh tube, leaving 500 µL at the 

bottom of the previous tube. Then the supernatant was ultracentrifuged at 

100 000 x g for 90 minutes to pellet extracellular vesicles and removed except for 

200 µL. The pellet was re-suspended into this remaining supernatant. DC Protein 

assay (Bio-Rad) was used to measure the protein concentration in the sample. In 

the migration assay, 20 µg/mL and 50 µg/mL of extracellular vesicles in serum-free 

media were used in both healthy and sepsis groups. We used 1% healthy and day 

one sepsis sera in serum-free media as controls. In this assay there were 7 to 8 

wounds in each group. 

4.4.6 Assay of cytokines and growth factors 

In the cytokine analysis undiluted, individual serum samples from day 4 were used, 

because at that time point the difference in keratinocyte migration and proliferation 

was most striking between the model wounds exposed to sepsis sera or to healthy 

sera. The concentrations of serum cytokines were measured by multiplex assay 

(Lehto et al., 2010; Myhrstad et al., 2011) using a Milliplex Human 

Cytokine/Chemokine Magnetic Bead Panel (Millipore Corporation, Billerica, MA, 

USA) and a Bio-Plex 200 System (Bio-Rad Laboratories Pty Ltd, Hercules, CA, 

USA) according to the manufacturer’s instructions. The test protocol has been 

described previously (Johansson-Persson et al., 2014). To ensure optimal 

reproducibility, assay conditions were pre-optimized, standardized, and controlled. 

Results were calculated using BioPlex Manager Software 6.0 (Bio-Rad 

Laboratories). Serum concentrations of TNF-α, EGF, VEGF, IL-4, IL-6, IL-1, and 

bFGF were compared between samples from sepsis patients and healthy controls. 

Concentrations are reported as pg/mL. 
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4.5 Immunohistochemical studies of skin samples 

4.5.1 Suction blister wounds 

The method was first introduced in 1968 by Kiistala (Kiistala, 1968), and it has 

been utilized in plenty of studies since then. The suction blister method is used to 

separate the epidermis from the dermis to study phenomena such as re-

epithelialization, barrier restoration and inflammatory response in wound healing 

(Koivukangas, Annala, Salmela, & Oikarinen, 1999; Koivukangas & Oikarinen, 

2003; Malminen et al., 2003). The level of separation occurs below the basal 

epithelial cells but above the lamina densa in the BM. Collagen IV remains in the 

blister floor, but laminins can be found in the blister floor and in the basal cells of 

the epidermis roof (Koivukangas & Oikarinen, 2003). Suction blister wounds are 

of standard size and the induction of wounds is relatively non-invasive and painless. 

The fluid filling the cavity that forms represents closely interstitial fluid (Kiistala, 

1968; Vermeer, Reman, & Van Gent, 1979). 

The suction device (Dermovac blistering device; Mucel Co., Nummela, 

Finland) containing five 8mm-diameter bores was applied on the intact abdominal 

skin of septic patients at the time of entering the study. The device was connected 

to a vacuum pump and negative pressure was formed. At first, high vacuum (60–

70 kPa) was used, followed by a lower vacuum (40–50 kPa) after 20 to 30 minutes. 

Blister formation was accelerated by warming. Uniform blisters were formed, the 

fluid was aspirated, and the blister roofs removed, and the remaining epithelial 

wounds were observed. One skin biopsy of a single blister was taken with a biopsy 

scalpel under local anesthesia (1% lidocaine) on day 3/4/5/6/7 counted from the 

beginning of the experiment. This is the overlapping period of inflammatory and 

proliferative phases. The remaining skin wound was closed with stitches and then 

removed after seven days. Blister wounds were induced with the same devices and 

according to the same protocol in healthy controls, one biopsy per person. No 

wound healing complications were detected in either study group. Instantly after 

biopsing, half of the sample was fixed in a 10% phosphate buffered formalin 

solution and the other half was frozen. 

4.5.2 Immunohistochemistry methods 

After fixing in formalin, the fresh skin samples were embedded in paraffin, and 

tissue sections 4 µm in thickness were prepared. Antibodies against PINP, tenascin-
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C, type IV collagen, laminin-332, α-SMA, syndecan-1, EGF, VEGF and TGF-β 

were used for immunohistochemical staining according to the manufacturer’s 

instructions. As a negative control, non-immune IgG was used, and as a positive 

control of each antibody, the staining of structures known to be positive for them 

was verified. The evaluation and scoring of the staining was performed in 

consensus by two researchers, Dr. Jaurila and Dr. Koskela, followed by calibration 

by a pathologist. The distribution of the staining was detected in the basal and 

suprabasal layers of the epithelium as well as in the BM and dermis. In each layer, 

the staining intensity was estimated with a four-level scoring (0 = no staining, 1 = 

weak staining, 2 = moderate staining, 3 = strong staining), and the samples were 

inspected in three sections horizontally: intact skin, migrating edge of the wound 

and the wound bed itself, if available. The slides were number-coded, and thus, 

could not be identified. 

4.6 Statistical methods 

The data were entered into an SPSS database for analysis (SPSS version 21 to 25, 

IBM SPSS Statistics, Chicago, IL, USA). Summary measurements for variables 

were expressed as the median with 25th to 75th percentiles or as the mean with 

standard deviation (SD). Comparisons between groups were performed using the 

independent-samples t-test or the Mann-Whitney U test depending on the normality 

of the data. Two-tailed p-values were reported, and differences were considered 

significant at p < 0.05. In study I, cross-tabulation was used to describe the 

relationship between two categorical variables, and statistical significance was then 

calculated with Fischer’s exact test. The correlations between metabolites and 

clinical variables were calculated using either Pearson’s or Spearman’s method 

depending on the normality of the data. In study III, differences in staining intensity 

between groups were analyzed with cross-tabulation, and statistical significance of 

the differences was calculated with chi-square test and Fischer’s exact test was used 

if possible. The p-values should be treated with caution given the large number of 

statistical tests performed. 
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5 Results 

5.1 Non-lipid metabolites in sepsis detected with 1H NMR (I) 

We focused on the potentially relevant non-lipid metabolites in the sera of 44 sepsis 

patients and 14 healthy controls. We identified and compared the concentrations of 

20 non-lipid metabolites between sepsis and control groups, and sepsis survivor 

and non-survivor groups (Table 3). The concentrations of acetate, acetoacetate, 

glutamine, glycerol, leucine, phenylalanine and pyruvate were disqualified because 

they could not be analyzed reliably enough due to sample irregularities or were 

rejected by the automatic sample and measurement quality control. In sepsis 

survivor and non-survivor analyses creatinine also was rejected. Albumin was 

excluded for the known uncertainties in changing spectral signal areas to albumin 

concentrations. 

Between sepsis patients and healthy controls, we detected statistically 

significant differences in the serum concentrations of the following metabolites: 

glucose (median concentration 5.63 mmol/L vs. 4.13 mmol/L, p = 0.004), citrate 

(0.08 mmol/L vs. 0.10 mmol/L, p = 0.002), 3-hydroxybutyrate (0.15 mmol/L vs. 

0.11 mmol/L, p = 0.002), histidine (0.07 mmol/L vs. 0.08 mmol/L, p = 0.036), 

glycine (0.43 mmol/L vs. 0.31 mmol/L, p < 0.001), glycoprotein acetyls (mainly 

alpha-1-acid glycoprotein, AGP) (1.81 mmol/L vs. 1.34 mmol/L, p < 0.001), and 

creatinine (0.11 mmol/L vs. 0.05 mmol/L, p < 0.001). Between sepsis survivors 

and non-survivors, we detected significant differences only in the citrate (median 

concentration 0.08 mmol/L vs. 0.10 mmol/L, p = 0.028) and lactate concentrations 

(1.46 mmol/L vs. 2.49 mmol/L, p = 0.007). The citrate concentration correlated 

with 30-day mortality (r = 0.341, p = 0.029), SOFA score on admission (r = 0.366, 

p = 0.019), and maximum SOFA score (r = 0.472, p = 0.002). Histidine and 

creatinine concentrations correlated with SOFA score on admission (r = 0.299, 

p = 0.049, and r = 0.659, p < 0.001, respectively) and maximum SOFA score 

(r = 0.362, p = 0.016, and r = 0.636, p < 0.001, respectively). 
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5.2 Keratinocyte viability, proliferation and migration in sepsis (II) 

In keratinocyte BrdU proliferation and MTT viability tests, HaCaT cells were 

incubated in the presence of healthy and sepsis serum. Compared with cells 

exposed to healthy serum, the proliferation of keratinocytes exposed to day one 

sepsis serum was 6% lower (p = 0.005), 20% lower (p = 0.001) in day four serum, 

and 18% lower (p = 0.002) in day nine serum. The cell viability assay denoted that 

cells treated with day four and day nine sepsis serum were significantly less viable 

than cells incubated with healthy serum (38%, p = 0.01 and 58%, p < 0.001, 

respectively). Viability on day one was increased by 13% but the difference was 

not statistically significant (p = 0.115). 

In the horizontal wound healing assay, the open wound surface area in the 

wounded keratinocyte monolayer exposed to healthy sera was 31% of the original 

wound gap (SD 27%) at 24 h and 22% (SD 27%) at 48 h (Figure 5). In vitro wounds 

cultured with sepsis sera from days one and four had significantly greater wound 

surface areas (60%, SD 16%, p = 0.034 and 66%, SD 17%, p = 0.023, respectively) 

at 24 h than wounds cultured with healthy sera. However, wounds treated with 

sepsis sera from day nine did not differ significantly from those incubated with 

healthy sera at 24 h (50%, SD 29%, p = 0.297). It is worth noting that the culture 

media was not changed during the experiment, so the cells started to starve and 

most likely, although the tendency remained the same, no statistically significant 

differences between healthy and sepsis sera samples were seen after 48 h 

incubation (day one: 53%, SD 21%, p = 0.053; day four: 46%, SD 34%, p = 0.263; 

day nine: 43%, SD 30%, p = 0.273). 

We also performed a migration assay with healthy and sepsis sera supplied with 

different concentrations of EGF, EGFR inhibitor cetuximab or TNF-alpha. TNF-

alpha in all concentrations improved cell migration in wounds, both those cultured 

in healthy sera and in sepsis sera (p < 0.01 in all concentrations). Adding 5 or 

10 ng/mL of EGF to healthy serum improved keratinocyte migration (p = 0.001) 

significantly, but EGF supplementation of 50 ng/mL did not (p = 0.768) have a 

similar impact. Adding 5 ng/mL of EGF to sepsis serum (p = 0.001) increased 

keratinocyte migration significantly, but higher concentrations (10 or 50 ng/mL) 

did not have a significant promigratory impact. Addition of EGFR inhibitor at any 

concentration to either healthy or sepsis sera impaired keratinocyte migration 

significantly compared to control serum. 



 

58 

 

Fig. 5. An example of keratinocyte migration after exposure to healthy and sepsis sera 

from day 1. The open wound areas in the horizontal wound healing assay were 

measured from digital microscopy images using ImageJ every 12 h until 48 h and white 

dotted lines mark the open wound surface area. (From Jaurila et al., 2017. Open access 

article under the terms of the Creative Commons Attribution 4.0 License). 

5.3 Extracellular vesicles in sepsis (II) 

Effects of 20 µg/mL and 50 µg/mL of both healthy and sepsis extracellular vesicles 

in serum-free media were explored in wound healing assay. As experiment control, 

1% healthy or sepsis sera was used and keratinocytes in control wounds migrated 

as in previous assays. Extracellular vesicle treated wounds had significantly 

reduced migration compared to control wounds. Wounds with 20 µg/mL or 

50 µg/mL extracellular vesicles from healthy serum migrated significantly less than 

wounds with healthy control serum at 24 h (p = 0.018 and p = 0.015, respectively) 

and at 48 h (p = 0.025 and p = 0.021, respectively). Wounds with 50 µg/mL 

extracellular vesicles from sepsis day one serum had a significant decrease in 

migration compared to sepsis control serum at 24 h and 48 h (p = 0.027 and 

p = 0.037, respectively), whereas wounds with 20 µg/mL extracellular vesicles 

from sepsis day one serum migrated less compared to control serum either at 24 h 

or 48 h, but the difference was not statistically significant (p = 0.083 and p = 0.132, 

respectively). 
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5.4 Serum cytokines and growth factors in wound healing in 

sepsis (II) 

At day four, the difference in keratinocyte migration and proliferation was most 

pronounced between experimental wounds exposed to sepsis and healthy sera. In 

search of possible factors in sera that could explain this difference, multiplex assay 

was used to analyze the levels of growth factors and cytokines in pooled day four 

serum. Day four sera from patients with sepsis contained significantly higher 

concentrations of TNF-α (5.7 vs. 0.7 pg/mL, p < 0.001), IL-6 (24.8 vs. 3.8 pg/mL, 

p < 0.001), and IL-10 (30.0 vs. 11.9 pg/mL, p = 0.040) than sera from healthy 

controls (Table 4). EGF levels were lower (6.5 vs. 115.6 pg/mL, p < 0.001) and 

VEGF levels were higher (177.9 vs. 48.1 pg/mL, p = 0.018) in severe sepsis serum 

than in control serum (Table 4). No significant differences were observed in the 

levels of IL-4 (5.2 vs. 13.7 pg/mL) or bFGF (32.2 vs. 21.9 pg/mL) between sepsis 

and healthy sera (Table 4). 

Table 4. Cytokine and growth factor levels (pg/mL) in day four sera from patients with 

severe sepsis and healthy controls. Data are expressed as mean values and SD. 

Growth factor/cytokine Sepsis sera Healthy sera p-value 

TNF-α 5.7 (4.9) 0.7 (0.2) < 0.001 

IL-6 24.8 (20.6) 3.8 (5.4) < 0.001 

IL-10 30.0 (49.7) 11.9 (16.3) 0.040 

EGF 6.5 (14.5) 115.6 (114.1) < 0.001 

VEGF 177.9 (185.7) 48.1 (32.2) 0.018 

IL-4 5.2 (9.7) 13.7 (24.9) 0.352 

bFGF 32.2 (37.7) 21.9 (13.6) 0.810 

5.5 Growth factors in skin wound in sepsis (III) 

5.5.1 EGF 

EGF staining in the basal layer of the intact epithelium was stronger in sepsis 

compared to healthy control (moderate staining in sepsis 62% and mild staining in 

control samples 80%, p = 0.007) (Figure 6). The migrating wound edge epithelium 

was more intensely stained in sepsis compared to healthy control samples 

(moderate staining of suprabasal layer in 82% in sepsis and mild staining in 80% 

of control samples, p = 0.003; in basal layer in sepsis, moderate staining in 55% 
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and mild staining in 36% of the cases, whereas in the control group, mild staining 

was seen in 90% of the cases, p = 0.038). 

 

Fig. 6. Differences in immunohistochemical staining between sepsis and healthy skin. 

Epidermal growth factor. 

5.5.2 VEGF 

Sepsis patients had more intense staining of VEGF in intact epithelium (85% in 

sepsis vs. 10% in control group had strong staining of basal and suprabasal 

epithelium, p < 0.001 and p = 0.001 respectively) and migrating wound edge 

epithelium (strong staining of basal epithelium in 75% in sepsis vs. 10% in control 

group and mild staining of suprabasal epithelium in 75% vs. 20%, p = 0.011 and 

p = 0.038 respectively), intact dermis (moderate staining in 77% in sepsis vs. 10% 

in control group, p = 0.003) and dermis of the wound site (strong staining in 80% 

in sepsis vs. 0% in control group, p < 0.001) compared to healthy controls (Figure 

7). In the dermis on the migrating wound edge, no statistically significant difference 

was detected between the sepsis and control group. 
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Fig. 7. Differences in immunohistochemical staining between sepsis and healthy skin. 

Vascular endothelial growth factor. 

5.5.3 TGF-beta 

The basal layer of the migrating wound epithelium had mild staining in sepsis 

patients (93%) compared to absent staining in healthy controls (70%) (p = 0.002) 

(Figure 8). There was no statistically significant difference in staining of intact 

basal epithelium between the sepsis and control group. 

5.6 Extracellular matrix and basement membrane components of 

skin in sepsis (III) 

5.6.1 Syndecan-1 

The staining was stronger in all layers of the intact epithelium in sepsis compared 

to healthy skin (moderate staining in 80% of sepsis samples, no staining in 67% 

and 50% of control samples in suprabasal and basal epithelium; p = 0.026 and 

p = 0.048, respectively) (Figure 9). In the migrating edge of the wound, the staining 

of epithelium was moderate to strong in sepsis as compared to absent to mostly 

moderate staining in healthy samples (strong staining in sepsis in 100% vs. 17% in 
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control group in suprabasal epithelium, p = 0.015, and 100% vs. 17% in basal 

epithelium p = 0.028). 

 

Fig. 8. Differences in immunohistochemical staining between sepsis and healthy skin. 

Transforming growth factor beta. 

 

Fig. 9. Differences in immunohistochemical staining between sepsis and healthy skin. 

Syndecan-1. 
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5.6.2 Laminin-332 

The staining of basal membrane was more intense in healthy intact skin (mild 

staining in 40% and strong in 50% of the wounds) than in sepsis (mild staining in 

47%, moderate in 40%, and strong staining in 13% of the wounds) (p = 0.036) 

(Figure 10). 

 

Fig. 10. Differences in immunohistochemical staining between sepsis and healthy skin. 

Laminin-332. 

5.6.3 Tenascin-C 

The basal layer of migrating wound epithelium had no staining in sepsis (75%) in 

contrast to healthy control samples which had mild staining (80%) (p = 0.03) 

(Figure 11). In sepsis and healthy samples, there were no significant differences in 

staining between the groups in intact epithelium, and there was mostly no staining 

in intact dermis. 

5.6.4 Alpha-SMA 

The staining of α-SMA was mostly absent in sepsis skin (83% of the cases, n = 5) 

but not in healthy skin (no staining in 12.5%, n = 1). Alpha-SMA staining was 
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stronger in healthy skin samples than in sepsis, but this result is slightly over the 

limit of significance (p = 0.052). 

 

Fig. 11. Differences in immunohistochemical staining between sepsis and healthy skin. 

Tenascin-C. 

5.6.5 Type IV collagen and PINP 

There was mostly mild or no staining of type IV collagen in intact or migrating 

wound edge or wound site skin samples, and there were no significant differences 

between the sepsis and healthy group (p = 0.233, p = 0.431, p = 0.692, 

respectively). The staining of PINP was mostly mild or moderate in intact dermis 

(moderate staining in 58% in sepsis vs. 50% in control group, mild staining in 25% 

vs. 50%) and mild or absent in dermis of migrating wound edge (mild staining in 

67% in sepsis vs. 33% in healthy group, absent staining in 33% vs. 56%) and at 

wound site (absent staining in 78% in sepsis vs. 60% in control group). No 

significant differences in PINP staining were detected in intact skin or migrating 

edge or wound site between the sepsis and healthy control samples. 
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6 Discussion 

6.1 Main results of the study 

In our 1H NMR experiment the serum levels of glucose, glycine, 3-hydroxybutyrate, 

creatinine and glycoprotein acetyls (mostly AGP) were higher in sepsis than in 

healthy controls, whereas histidine and citrate were lower in sepsis (Figure 12). 

These findings refer to increased energy consumption, oxidative stress, organ 

dysfunction, hypermetabolism and catabolism in sepsis. Our in vitro wound healing 

model showed that keratinocyte migration, proliferation and viability were reduced 

in sepsis compared to healthy controls. Sepsis serum supplemented with EGF or 

TNF-α improved keratinocyte migration in vitro, and conversely, adding EGFR 

inhibitor (EGFRi) or extracellular vesicles of sepsis sera treated normal fibroblasts 

suppressed migration. 

 

Fig. 12. Summary of the main results of the study. 

Compared to healthy sera, sepsis sera contained higher concentrations of TNF-α, 

VEGF, IL-6 and IL-10, but a lower level of EGF. This phenomenon is a sign of 
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enhanced inflammation in sepsis. In immunohistochemical analysis of wounds 

from septic and healthy persons, growth factors VEGF, EGF and TGF-β as well as 

transmembrane binding molecule syndecan-1 were overexpressed, whereas ECM 

glycoprotein tenascin-C and BM component laminin-332 had lower expression in 

the epithelium in sepsis compared to healthy controls. Myofibroblast marker α-

SMA was decreased in sepsis patients compared to controls but the result was at 

the limit of statistical significance. These changes in ECM reveal the disturbed 

interplay of growth factors and ECM in healing wounds in sepsis. 

6.2 Discussion of the main results 

6.2.1 Non-lipid metabolites in sepsis serum using 1H NMR (I) 

In the 1H NMR experiment we found the levels of glucose, glycine, 3-

hydroxybutyrate, creatinine and glycoprotein acetyls (mostly alpha-1-acid 

glycoprotein, AGP) to be significantly increased in sepsis compared to healthy sera, 

whereas citrate and histidine were significantly decreased in sepsis patients 

compared to healthy controls. The levels of histidine and citrate correlated with the 

severity of organ dysfunction, and when comparing sepsis survivors to non-

survivors, we detected a significant increase in the serum lactate and citrate 

concentrations in the non-survivor group. 

A few earlier human studies utilizing NMR spectroscopy have identified and 

quantified metabolites from sepsis sera or plasma (Blaise et al., 2013; Liu et al., 

2019; Mickiewicz et al., 2014, 2013; Mickiewicz, Tam, et al., 2015; Mickiewicz, 

Thompson, et al., 2015; Singh et al., 2016; Stringer et al., 2011). Two of these 

studies compared samples taken from adult sepsis patients and healthy controls 

(Singh et al., 2016; Stringer et al., 2011) while one study compared analogous 

samples from a pediatric population (Mickiewicz et al., 2013). Mickiewicz et al. 

and Singh et al. used pattern recognition and multivariate statistical analysis 

(Mickiewicz et al., 2013; Singh et al., 2016). Stringer et al. had an aberrant 

reporting method of the results (Stringer et al., 2011). They compared metabolic 

changes in plasma connected to sepsis-induced acute lung injury (ALI) (Stringer et 

al., 2011), and the findings diverged from ours or other similar studies, probably 

due to the differences in reporting, their results using false discovery rate (FDR) 

combined with Student’s t-test (Stringer et al., 2011). 
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Hyperglycemia in sepsis 

Our study and the pediatric study (Mickiewicz et al., 2013) showed upregulated 

blood glucose in sepsis patients. Hyperglycemia, combined with insulin resistance, 

is a common adaptive response seen in sepsis patients (Marik & Bellomo, 2013). 

Singh et al. reported depletion of blood glucose in sepsis cases compared to healthy 

controls. Hypoglycemia was seen in a representative 1H NMR spectrum of one 

patient while significantly elevated mean value of glucose was demonstrated in the 

sepsis group in their supplemental data, supporting our result. 

Increased ketone bodies in sepsis 

We detected an increased concentration of 3-hydroxybutyrate in sepsis sera 

compared to control sera, which is also in line with the results of the pediatric sepsis 

study (Mickiewicz et al., 2013). Increased levels of ketone bodies are signs of fatty 

acid breakdown and a marker of increased energy requirement during infection 

(Mickiewicz et al., 2013; Schmerler et al., 2012). Augmented concentrations of 3-

hydroxybutyrate have also been found in two adult sepsis studies comparing sepsis 

patients and ICU control patients (Mickiewicz et al., 2014; Mickiewicz et al., 2015), 

and in a pediatric study comparing ICU sepsis patients and emergency department 

sepsis patients (Mickiewicz, Thompson, et al., 2015). Blaise et al. investigated 

trauma patients, aiming to find the metabolic phenotype susceptible to sepsis 

development, and they found that 3-hydroxybutyrate correlated with later 

development of sepsis (Blaise et al., 2013). In another study, septic non-survivors 

had increased levels of 3-hydroxybutyrate in serum compared to survivors (Liu et 

al., 2019). 

Protein catabolism in sepsis 

We detected differences in amino acid serum levels between sepsis patients and 

healthy controls. In our study and in the study of Mickiewicz (Mickiewicz et al., 

2013), citrate was found to be decreased. Citrate, a derivative of citric acid, is an 

important regulator in energy production and an essential intermediate in 

metabolism. Citrate stimulates adenosine triphosphate (ATP)-consuming 

gluconeogenesis and lipid synthesis and inhibits the ATP producing processes of 

glycolysis, fatty acid beta-oxidation, and tricarboxylic acid (TCA) cycle. In 

inflammation, citrate is reduced to its derivatives in the cytosol to provide 
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components to the altered energy and intermediate production. Furthermore, citrate 

contributes to the production of reactive oxygen species (ROS), prostaglandin and 

nitric oxide (NO), which have a significant role in inflammation and cell damage 

(Iacobazzi & Infantino, 2014). Plasma citrate is mostly extracted via the kidneys, 

but under surgical stress the hepatic uptake increases and leads to hypocitricemia 

(Costello & Franklin, 2016). Thus, both uptake into the cells and upregulated 

extraction might explain the decreased citrate levels in sepsis serum detected. In 

urosepsis patients, citrate concentrations in sera were increased in comparison to 

those of healthy controls (Singh et al., 2016). The renal clearance of citrate is vital 

for the removal of citrate (Costello & Franklin, 2016) and thus might be declined 

in urological patients. In the trauma patient study, citrate concentrations correlated 

with later development of sepsis (Blaise et al., 2013). In our study the glycine 

concentrations were increased in sepsis. Altered glycine levels are associated with 

amino acid oxidation (Freund, Ryan, Fischer, & Fischer, 1978). In an animal study 

where metabolic markers in septic rat liver tissue were examined, an increased TCA 

cycle with peripheral release of amino acids such as glycine for liver metabolism 

and an increase in TCA intermediate products including citrate were reported 

(Whelan et al., 2014). We found lower histidine levels in sepsis than in controls, 

but in the pediatric study, histidine levels in sepsis were elevated (Mickiewicz et 

al., 2013). Histidine has anti-inflammatory and anti-oxidant properties (Peterson, 

Boldogh, Popov, Saini, & Chopra, 1998). Low plasma histidine concentrations are 

associated with inflammation, oxidative stress, protein-energy wasting, and 

mortality in patients with chronic kidney disease (Watanabe et al., 2008). Increased 

consumption of amino acids may also explain the lower than healthy levels in our 

research and the different result in the pediatric study. Decreased amino acid 

concentration in blood as well as enhanced hepatic uptake and augmentation of 

hepatic extraction of amino acids in sepsis has also been reported (Druml, Heinzel, 

& Kleinberger, 2001). In conclusion, enhanced peripheral protein catabolism could 

explain the increased level of glycine in sepsis sera while concomitant stimulation 

of hepatic extraction and metabolism may explain the lower levels of histidine. 

Upregulated AGP levels in sepsis 

In our series, glycoprotein acetyls consisted mostly of alpha-1-acid glycoprotein 

(AGP). As far as we know, no previous NMR analysis of AGP levels in sepsis has 

been published. AGP is an acute phase protein synthesized in the liver, and it is 
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elevated in response to infection and inflammation (Fournier, Medjoubi-N, & 

Porquet, 2000). In a human study, higher serum levels of AGP were measured in 

the sepsis group compared to the systemic inflammatory response syndrome (SIRS) 

group, and AGP was suggested to be used to assess the severity of sepsis (Xiao et 

al., 2015). In two general population cohorts, AGP and citrate have been identified 

in an NMR study as two out of four predictive biomarkers in blood to estimate the 

short-term risk of death from any cause, AGP being the strongest biomarker 

(Fischer et al., 2014). 

Kidney failure in sepsis 

There was a significantly increased concentration of creatinine in sepsis sera 

compared to sera from healthy controls in our study and the pediatric sepsis study 

(Mickiewicz et al., 2013), and this refers to acute kidney failure (Mehta et al., 2007; 

Zarjou & Agarwal, 2011). 

Increased citrate and lactate levels in sepsis non-survivors 

In our study, non-survivors had significantly increased citrate and lactate levels 

compared to survivors, and citrate levels correlated positively with the level of 

organ dysfunction, which is supported by the results of Liu et al. (Liu et al., 2019). 

They reported that metabolic dysregulation and increase in amino acids due to 

significant protein breakdown were associated with a poor outcome in septic shock. 

Imbalance between oxygen delivery and consumption are followed by anaerobic 

metabolism and lactate production (Nguyen et al., 2004). Only the pediatric study 

had altered lactate levels in sepsis compared to healthy controls (Mickiewicz et al., 

2013). Early lactate clearance is associated with better outcomes in sepsis (Nguyen 

et al., 2004), which is supported by our findings. The increased citrate level in non-

survivors could be explained by severe metabolic disorder and organ dysfunctions. 

There have been studies exploring targeted metabolomics profiles in sepsis 

focusing on metabolic changes associated with mortality with pattern recognition 

(Langley et al., 2013; Liu et al., 2019; Mickiewicz et al., 2014, 2013; Mickiewicz, 

Tam, et al., 2015; Rogers et al., 2014); the only result these studies have in common 

seems to be that non-survivors tend to have extensive metabolic disorders, and most 

metabolite levels are higher than in survivors. 
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6.2.2 Wound healing in vitro in sepsis (II) 

We studied the growth of human keratinocytes (HaCaT) in vitro using sera from 

severe sepsis patients and healthy controls. We found that sepsis serum reduced 

keratinocyte viability, proliferation and migration. Sepsis sera contained higher 

concentrations of TNF-α, IL-6, IL-10 and VEGF, as well as a lower level of EGF 

compared to healthy controls. Sepsis serum supplemented with EGF or TNF-α 

improved keratinocyte migration in vitro, and conversely, adding EGFR inhibitor 

(EGFRi) or extracellular vesicles of sepsis sera treated normal fibroblasts 

suppressed migration. 

EGF 

In sepsis sera, the concentration of EGF was lower compared to healthy sera. 

Supplementing sera with low doses of EGF enhanced migration both in sepsis and 

the healthy group, but to the contrary, higher concentrations reduced migration. 

Blocking EGFR by cetuximab suppressed migration. Supporting our results, this 

biphasic effect of EGF has been confirmed by some other experimental studies 

(Chen et al., 1993; Hou, Hedberg, & Schneider, 2012), and the migration rate of 

human corneal epithelial cells was optimal at EGF concentration of 5 and 10 ng/mL, 

which was completely blocked by an anti-EGF receptor antibody (Maldonado & 

Furcht, 1995). In a mouse model, heparin-binding EGF-like growth factor (HB-

EGF) accelerated keratinocyte migration rather than proliferation in skin wound 

healing and seemed to be the predominant growth factor in epithelialization 

(Shirakata et al., 2005). Likewise, the expression of HB-EGF in human 

keratinocytes induced a migratory phenotype in partial-thickness wounding of 

human skin (Stoll, Rittié, Johnson, & Elder, 2012). EGF is also suggested to 

suppress the production of free radicals in keratinocytes and reverse the growth 

inhibitory actions of inflammatory mediators such as TNF-α, thus regulating 

wound healing (Heck, Laskin, Gardner, & Laskin, 1992). EGF is also suggested to 

improve intestinal integrity and survival of sepsis (Klingensmith et al., 2017). 

TNF-α, IL-6 and IL-10 

In our study, all concentrations of TNF-α improved cell migration in both healthy 

sera and sepsis sera wounds. TNF-α and IL-6 can indirectly induce keratinocyte 
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migration by stimulating production of pro-mitogenic keratinocyte growth factor 

(KGF or FGF-7) from fibroblasts (Brauchle et al., 1994). However, we suggest that 

the higher level of TNF-α in sepsis serum is not the reason for impaired 

keratinocyte migration and wound healing, in contrast to previous studies (Cooney 

et al., 1997; Maish et al., 1998). Our research supports the theory of Sommer et al. 

(Sommer et al., 2013) that normal TNF-α concentration locally enhances wound 

repair in sepsis. There may thus be some stronger factors that override the effect of 

TNF-α and other cytokines promoting re-epithelialization and cause delayed 

wound healing in sepsis. TNF-α is the primary proinflammatory mediator in sepsis 

by regulating other downstream cytokines such as IL-6 and IL-10 (Winning et al., 

2006). IL-6 participates indirectly in keratinocyte migration as it mainly promotes 

collagen deposition and angiogenesis in cutaneous wound healing (Gallucci et al., 

2001; Gallucci et al., 2004; Z.-Q. Lin et al., 2003; Sugawara et al., 2001). Studies 

have also shown that elevated IL-6 serum levels at the early stage of the disease 

can predict the development of sepsis (Bagdade, Pedersen, Schwenke, Saremi, & 

Alaupovic, 2011; Gouel-Chéron et al., 2012). 

VEGF 

VEGF primarily induces angiogenesis but it also has some influence on 

keratinocyte migration and proliferation (Barrientos et al., 2008; Seeger & Paller, 

2015). IL-10 has positive effects on granulation tissue formation, 

neovascularization and wound closure, mainly because it enhances VEGF 

expression (Balaji et al., 2014). The impaired wound healing in sepsis despite the 

increased levels of VEGF both in sepsis sera and skin epithelium might be due to 

the suppressive effect of bacterial wall components on VEGF receptor (VEGFR) 

expression (Power, Wang, Sookhai, Street, & Redmond, 2001). VEGFRs are 

present in endothelial and epithelial cells as well as in monocytes and macrophages. 

Thus, deficient function of VEGFR affects keratinocyte and fibroblast migration 

and proliferation, angiogenesis, macrophage migration, pathogen elimination, 

debridement, and resolution of inflammation, further impairing tissue regeneration. 

In addition, degradation of VEGF by abnormally high protease activity is present 

in chronic wounds (Lauer et al., 2000). In sepsis, MMPs are upregulated (Gäddnäs, 

Sutinen, et al., 2010) and may inactivate VEGF. 
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Extracellular vesicles 

Extracellular vesicles excreted from normal fibroblasts (NF) treated with sepsis or 

healthy sera decreased keratinocyte migration in our experiment. The role of 

extracellular vesicles in intercellular signaling in the skin has been analyzed in a 

few animal models. Human fibroblast derived extracellular vesicles promoted 

keratinocyte proliferation, migration and wound closure in diabetic mice (Geiger, 

Walker, & Nissen, 2015), and likewise, rat burn wounds treated with MSC-derived 

extracellular vesicles enhanced the proliferation of skin cells and wound re-

epithelialization (B. Zhang et al., 2015). Based on these results, we expected to see 

differences in keratinocyte migration between wounds incubated with extracellular 

vesicles from NF cultured in sepsis or healthy sera media, but extracellular vesicles 

from NF cultured under both conditions prevented the migration of cells. One 

reason could be the resting state of these locally established NFs, and using 

fibroblasts isolated from granulation tissue might give different results. It is 

proposed that with the help of extracellular vesicles, transplanted stem and 

progenitor cells use paracrine signaling to adjust recipient cell protein production 

and gene expression in response to local environmental factors, thus accelerating 

wound healing (Liang, Ding, Zhang, Tse, & Lian, 2014; Sahoo et al., 2011; Shabbir, 

Cox, Rodriguez-Menocal, Salgado, & Van Badiavas, 2015; Tomasoni et al., 2013; 

Valadi et al., 2007; B. Zhang et al., 2015; J. Zhang et al., 2015). Extracellular 

vesicles can act in a friendly or hostile manner in inflammatory reactions; this 

depends on the origin and contents of the extracellular vesicles. Examining the 

cargo extracellular vesicles are carrying and using extracellular vesicles from more 

dynamic cells might give a wider perspective of their role in keratinocyte migration 

during the wound healing process. Extracellular vesicles also have a remarkable 

role as mediators in sepsis and are promising tools in diagnostic and therapeutic 

procedures (Raeven, Zipperle, & Drechsler, 2018). 

6.2.3 Growth factors and in vivo epithelial skin wound healing in 

sepsis (III) 

In study III, we found expression of EGF and VEGF to be upregulated both in intact 

and wounded epithelium in sepsis compared to healthy skin. TGF-β had increased 

expression in migrating wound epithelium in the sepsis group compared to the 

healthy controls. 
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EGF 

After skin defect, EGF is upregulated and acts as a major stimulator of skin re-

epithelialization and wound contraction by enhancing migration and proliferation 

of keratinocytes and fibroblasts (Bhora et al., 1995; Bodnar, 2013; Broughton et al., 

2006a; Haase, Evans, Pofahl, & Watt, 2003). EGF levels are increased in acute 

wounds (Werner & Grose, 2003) and EGFR signaling suppresses inflammation in 

keratinocytes (Choi et al., 2018). EGF is secreted by macrophages, platelets and 

fibroblasts and acts on keratinocytes in a paracrine fashion. The high levels of EGF 

in septic epithelium are probably due to an overwhelmed inflammatory response. 

Despite the increased amount of EGF in tissue in sepsis the wound healing is 

impaired, so binding of EGF to EGFR may be abnormal. 

VEGF 

Inducing angiogenesis is thought to be the primary function of VEGF, but it also 

has other important tasks during tissue regeneration including stimulation of 

inflammation, re-epithelialization and collagen deposition (Bao et al., 2009; Bates 

& Jones, 2003). The classic symptoms of inflammation – dolor, rubor, calor – are 

signs of increased vascular permeability and the accumulation of vasoactive 

molecules such as VEGF. Extravasation of plasma proteins resulting from 

increased permeability of vessels is important for the formation of ECM. Tissue 

hypoxia and inflammation is followed by VEGF overexpression in healing wounds 

(Detmar et al., 1997; Dvorak et al., 1995) which may explain the increased levels 

of VEGF in septic skin. In many studies, the overexpression of VEGF in healthy 

animals is ineffective in accelerating re-epithelialization and wound closure 

(Johnson & Wilgus, 2014). In sepsis wounds, despite the increased VEGF levels in 

tissue, the healing process is disturbed. This may result from the decreased 

signaling via VEGFR and degradation of cytokines by proteases. 

TGF-β 

In our study, TGF-β expression was increased in the wound epidermis of septic 

patients compared to healthy controls in contrast to a previous study with septic 

mice (Sommer et al., 2013). TGF-β is upregulated in blister wounds in the early 

days after injury (Kane, Hebda, Mansbridge, & Hanawalt, 1991). TGF-β 

overexpression has proven to induce skin inflammation, impairing wound healing 



 

74 

(Han et al., 2012). TGF-β also upregulates VEGF expression and thus angiogenesis 

(Ferrari et al., 2009). TGF-β regulates re-epithelialization, enhances synthesis and 

deposition of ECM, and reduces proteolytic degradation of ECM (Schmid et al., 

1993; Schultz & Wysocki, 2009; Werner & Grose, 2003). In sepsis, the elevated 

levels of TGF-β in the skin might be a sign of a more severe cutaneous injury, 

hypoxia and inflammation, inhibiting re-epithelialization and causing inadequate 

matrix composition in healing wounds. 

6.2.4 Skin ECM alterations in sepsis (III) 

Laminin-332 

In our study, the BM protein laminin-332 had stronger expression in healthy intact 

skin than in septic skin. Laminin-332 is essential for BM attachment to dermis, and 

disturbances in its expression in skin lead to dermal-epidermal separation, skin 

fragility and blistering (Pulkkinen & Uitto, 1999). All these symptoms can be seen 

in the skin of sepsis patients, suggesting that downregulated expression of laminin-

332 might be in the background. 

Syndecan-1 

We found that syndecan-1 expression was stronger in intact and migrating wound 

edge epithelium in sepsis than in healthy skin. Syndecan-1 is an important regulator 

of tissue regeneration, providing binding sites to ECM components and growth 

factors. Some pathogens also use syndecan-1 as receptors, and syndecan-1 

knockout mice show increased resistance to bacterial infections (Haynes et al., 

2005; Teng, Aquino, & Park, 2012). Syndecan-1 is induced during wound repair 

and induction in the dermis may contribute to events that lead to inflammation and 

fibrosis (Gallo, 1996). There is no data about syndecan-1 in wound healing in sepsis. 

However, trauma patients with elevated syndecan-1 serum levels are associated 

with higher mortality (Johansson, Stensballe, Rasmussen, & Ostrowski, 2011) and 

they are more likely to get subsequent sepsis (Wei et al., 2018). Serum syndecan-1 

is upregulated in sepsis and is thus a potential biomarker (Holzmann et al., 2018). 
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Tenascin-C 

Tenascin-C expression in migrating wound epithelium was mostly absent in sepsis 

skin in contrast to healthy skin. The expression of tenascin is scarce in normal intact 

skin but is induced in an inflammatory environment and intensifies near 

hyperproliferative epidermis, the basal migrating keratinocytes being the main 

source of tenascin in the early phase of wound healing (Latijnhouwers et al., 1997; 

Schultz & Wysocki, 2009). Tenascin is suggested to be a damage-associated 

molecular pattern (DAMP) component (Denning, Aziz, Gurien, & Wang, 2019; 

Meijer, Uhel, Cremer, Schultz, & van der Poll, 2020; Midwood, Chiquet, Tucker, 

& Orend, 2016), and the expression of tenascin-C has been used as an indicator of 

successful tissue repair (Midwood et al., 2016). The tenascin blood levels are 

upregulated in sepsis and associate with clinical severity, systemic inflammatory 

response and poor prognosis (Meijer et al., 2020; Yuan et al., 2018). The expression 

of tenascin is suppressed by glucocorticoids in the granulation tissue of healing skin 

wounds in mice (Fässler, Sasaki, Timpl, Chu, & Werner, 1996). In our study, 47% 

of the patients had sepsis-related anti-inflammatory therapy with glucocorticoids, 

which might also be one reason for the diminished amount of tenascin in septic 

skin. Tenascin-c knockout mice lack migrating keratocytes in corneal suture injury 

(Matsuda et al., 1999), have defective blood vessel formation (Ballard et al., 2006; 

Tanaka et al., 2004), and exhibit delayed infiltration of myofibroblast upon 

myocardial infarction, which has an influence on wound contraction (Tamaoki et 

al., 2005). The decreased levels of tenascin-C in septic skin wound probably 

diminishes keratinocyte and fibroblast migration and proliferation as well as 

interaction with cytokines and other ECM components, thus impairing the entire 

repair process. 

Alpha-SMA 

Alpha-SMA was almost absent in sepsis wounds in contrast to healthy wounds, 

albeit the difference was at the limit of significance. The number of samples was 

small. The transition of dermal fibroblasts into myofibroblasts normally takes place 

about one week after wounding, but in our study there were also wounds from 

earlier days, which may mitigate the difference between the groups. Hypoxia 

reduces fibroblast proliferation and collagen formation in granulation tissue, which 

leads to defective myofibroblast action and attenuated tissue contraction, thus 

delaying wound closure and re-epithelialization (Hinz, 2016). 
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PINP and type IV collagen 

We did not find significant differences in PINP or collagen IV levels between sepsis 

and healthy epithelial skin wounds. Our samples were from days 3 to 7 after 

wounding. Dermal reconstruction begins 3 to 5 days after injury, and type III 

collagen is produced first, and then replaced by type I collagen (Rousselle et al., 

2019). Therefore, it might have been more interesting to observe type III pro-

collagen aminoterminal propeptide levels instead of type I. Similar to type I 

collagen, also type IV collagen appears later in the wound healing process. 

6.3 Limitations of the study 

This was a single center observational study with a relatively small sample size. In 

study I, the small sample size prevented us from using statistical modeling such as 

principal component analysis to generate a model of prediction using these 

biomarkers as an early diagnostic tool during sepsis. To control the quality of our 

study I samples we compared them to clinical blood samples taken according to the 

normal ICU protocol during the same day. 

In vitro studies are designed to simulate in vivo situations as closely as possible. 

However, in the wound healing model used in study II the keratinocyte monolayer 

lacks interaction with other epithelial and ECM cells. The skin wound healing 

process is a tightly spatiotemporally regulated chaos involving a number of 

signaling molecules, receptors, structural proteins and cells. 

In study III, the total number of samples was 190 (106 sepsis and 84 control 

samples), which is statistically challenging. The histological wound samples cover 

days 3 to 7, which is the overlapping period of inflammatory and proliferative 

phases. We were able to obtain only 2 to 4 samples per day from septic patients due 

to consent or other limiting issues, so we could not compare the alterations between 

different days in the wound healing process. 

In all sepsis studies, there is difficulty in timing the initiation of this 

heterogeneous disease, which makes the comparison of samples from different 

patients challenging. The controls were healthy individuals, leaving the possibility 

that the differences detected are not necessarily specific for infection but reflect 

disease severity and organ dysfunctions. Comparing sepsis patients with healthy 

controls is an academic approach and does not resemble the diagnostic dilemma. 

Future studies should include other critically ill patients without underlying 



 

77 

infection as well as critically ill patients (e.g., systemic inflammatory response 

syndrome or quickSOFA positive) with suspected infection. These patients could 

be assessed and grouped into infection and non-infection groups post-hoc. Thus, 

the results of the studies should be interpreted as hypothesis generating. 

6.4 Ethical considerations 

The study was executed in an intensive care unit, which brings forth some 

limitations and ethical considerations. The study patients were all severely ill, many 

of them needing sedative medication and mechanical support to keep up vital 

functions like ventilation. While many patients were unable to give or deny their 

permission to participate in the study, informed consent was in many cases asked 

from their surrogate decision-maker. According to normal ethical standards, the 

patients had the option to discontinue the study at any stage and the decision did 

not affect the care given. The information was given both orally and in writing. The 

study protocol was approved by the Regional Ethics Committee of the Northern 

Ostrobothnia Hospital District, and the register number is 50/2005. 

Whenever possible, the study blood samples were taken together with other 

blood samples related to the ongoing ICU care to avoid unnecessary discomfort for 

the patient. The suction blister wounds were induced by time-honored methods 

familiar to the study personnel. This method has been used and reported previously 

and is proven to be fairly painless and non-invasive as well as without 

complications. The created epithelial wounds were biopsied under local anesthesia 

at the ICU according to normal sterile biopsy protocol and equipment. Patients or 

their next of kin were informed about the procedure, and only one biopsy per patient 

was taken. The skin samples were taken by Dr. Koskela and Dr. Gäddnäs. 

Preservation of the acquired study data was attended to according to data 

registration requirements. Only members of the study group and our two research 

nurses were allowed to have access to full data. 

6.5 Methodological considerations 

In general, the complexity of the tissue repair process combined with the 

dysfunctional inflammatory response in heterogenic sepsis patient population 

makes it challenging to study wound healing with any method. ICU patients and 

environment make it demanding to organize a translational wound healing study. 

The study should not risk or aggravate the physical or mental state of patients and 
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should be simple and reliable to perform. Considering these criteria, we decided to 

use the skin suction blister method. Abdominal skin is accessible and its 

circumstances are stable and comparable even between critically ill patients. 

Suction blister wounds are of standard size and depth. No infections were detected 

in the wounds despite the systemic infection that the patients had. The blister 

wounds were prepared and supervised by the same two investigators, in the same 

unit and circumstances according to confirmed treatment protocols. A multi-center 

study would provide a larger pool of patients and improve the generalizability of 

the results, but the homogeneous setting is a strength in a single-center study. 

In sepsis metabolomics, the 1H NMR analysis is a fast high-throughput method 

and easy to perform using blood samples. Combined with chromatography methods 

the specificity would be even better. Different pattern recognition models would 

give more information about the metabolite combinations related to the disease or 

patient group. These predictive models would require a large patient population to 

be reliable. Measurements of cytokine, growth factor and metabolite levels in blood 

were performed by specialists in their field and the methods used are standardized 

and reliable. 

In vitro keratinocyte monolayer experiments are simplified models of 

epithelialization and they lack the complexity of in vivo wound healing. On the 

other hand, in vivo experiments are approximations of the effects of different 

functions in re-epithelialization (migration, proliferation, wound contracture), 

where these dynamic processes happen simultaneously. Using keratinocytes 

derived from donated tissue instead of HaCaT cells would better simulate in vivo 

re-epithelialization. 

Histological samples were prepared by the same highly experienced laboratory 

technician. The evaluation and scoring of the staining was analyzed by Dr. Koskela 

and Dr. Jaurila in consensus manner, followed by calibration by a pathologist. 

6.6 Clinical importance and future perspectives 

Considering the prevalence and the economic burden of wound problems in septic 

patients, the subject is poorly studied. Septic patients have a metabolic disorder 

which severely disturbs the homeostasis in the body. The results of our studies 

support the clinical findings concerning defective wound healing in sepsis and give 

new information about the mechanisms behind it: hypermetabolism, catabolism, 

oxidative stress and organ dysfunction as well as altered cell signaling and interplay 
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of cytokines and ECM. Understanding the molecular and cell level details of wound 

healing and skin homeostasis in sepsis provides opportunities to improve medical 

and surgical treatments and their timing. 

Clinically, wound healing can be enhanced in many ways. To achieve rapid 

tissue repair and avoid wound infection blood perfusion, oxygen supply and 

nutrition need to be optimized and reinjury prevented. Epithelial cells migrate and 

proliferate in response to growth factors and oxygen concentration, and 

epithelization is most effective in hydrated, well-oxygenated tissues (Medawar, 

1947). Critical illness is a hypermetabolic state that increases energy and oxygen 

consumption. Ischemic tissue is easily infectable and heals poorly. Peripheral 

vasoconstriction and edema increase the intercapillary distance in injured 

subcutaneous tissue, aggravating oxygen delivery. Prevention of vasoconstriction 

through pain relief, warming and adequate volume resuscitation as well as the 

exclusion of nicotine products is essential. Stimulation of angiogenesis through 

surgical debridement and in some cases, hyperbaric oxygen therapy, is used. 

Optimizing the vascular system in the wound area is essential. Meticulous surgical 

technique and avoiding long operations are also significant in reducing the risk for 

impaired wound healing. 

Repair of the disrupted skin barrier requires that wounds have the ability to 

clear foreign material and resist infection. Conversion of oxygen to superoxide is 

essential in intracellular killing, so resistance to infection depends on perfusion and 

arterial oxygen tension (Hunt & Hopf, 1997). In biofilms, microorganisms are 

attached to a surface and each other embedded with a self-produced ECM. 

Pathogenic biofilms cause prolonged infections and delay the wound healing 

process, and they are highly resistant to antibiotic treatment and immune responses 

(Wu, Moser, Wang, Høiby, & Song, 2015). Sensitive antibiotics, biofilm dispersals 

and mechanical removal of biofilm are essential in biofilm treatment. Antibiotic 

prophylaxis before wounding and the maintenance of antibiotic levels in blood 

during long operations are vital in reducing infectious complications (Classen et al., 

1992). Maintenance of normothermia intraoperatively decreases the wound 

infection rate (Kurz, Sessler, & Lenhardt, 1996). 

In severe illness or after major trauma, nutritional support combined with 

pharmacologic modalities is vital to enhance wound healing. The primary goal is 

to avoid malnutrition and provide sufficient energy supply. Then, it is important to 

tackle the catabolic and pathological responses of hypermetabolism, 

immunosuppression and impaired wound healing. In burn patients the base for 

supplemental nutrition consists of carbohydrates and lipids. Protein catabolism can 
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be reversed with anabolic agents together with protein supplementation. Amino 

acids, trace elements (iron, zinc, selenium, copper), and vitamins, such as vitamins 

A, C and D, complete the additional nutrition aimed at enhancing wound healing 

(Abdullahi & Jeschke, 2014; A. Clark et al., 2017). Elective surgical patients with 

early feeding have better (Schroeder, Gillanders, Mahr, & Hill, 1991) while 

malnourished elective surgical patients have worse wound healing response 

measured by hydroxyproline accumulation (Haydock & Hill, 1986). 

Hyperglycemia causes poor wound healing directly and also indirectly by glycation. 

Hyperglycemia is linked to micro- and macrovascular complications, immune 

abnormalities, inhibition of cell proliferation, desensitization to stimulatory effect 

of growth factors, aberrant ECM metabolism, and increased synthesis and activity 

of MMPs (Blakytny & Jude, 2006; Pradhan, Nabzdyk, Andersen, LoGerfo, & 

Veves, 2009). Avoiding unnecessary anti-inflammatory medication such as 

corticosteroids may support wound healing. 

There is no single biomarker but rather several biomarkers that should be taken 

as hints of the pathological mechanisms involved in sepsis. It was shown in an 

animal study that changes in the serum metabolic profile occurred earlier than those 

in organ dysfunction (Xu et al., 2008). Thus, metabolomics is a promising 

technique that could help to determine the timely diagnosis of sepsis. In the future, 

measuring multiple metabolites at different time points in sepsis will hopefully help 

us to understand the pathophysiology of the host response. That way, we might 

learn what part of the host response is adaptive and what are the alterations that 

lead to irreversible organ failure and death. It would be interesting to study the 

impact of different infectious origins on the metabolic profile. 

Numerous studies show that topical application of growth factors to wounds 

has major drawbacks, for several reasons: short half-life of the reagent, protease 

degradation, wound eschar blocking access to the wound, and complexity of 

potential therapeutic use (Barrientos, Brem, Stojadinovic, & Tomic-Canic, 2014). 

Growth factors are also used at supra-physiological doses without adequate 

delivery systems (Briquez et al., 2015). The interplay of ECM and growth factors 

is essential in skin wound healing. Studying more closely how the ECM regulates 

growth factors and engineering delivery systems could be a breakthrough in growth 

factor-based wound therapies. Extracellular vesicles are also important organelles 

in intercellular communication and studying them further could bring new 

information about wound healing and diagnostic or therapeutic use in sepsis. 
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7 Conclusions 

This study provides new information about disturbed skin wound healing in sepsis 

and the mechanisms behind it. 

Answers to the specific study questions: 

1. There are differences in metabolite concentrations in 1H NMR analysis 

between sera taken from septic patients and from healthy controls. The altered 

metabolite levels in sepsis serum are associated with increased energy demand, 

hypermetabolism, protein catabolism, oxidative stress and organ dysfunction. 

These metabolic derangements are connected to impaired wound healing. 

2. Keratinocyte viability, migration and proliferation are decreased in in vitro 

wound in sepsis. Sepsis serum supplemented with low doses of EGF or TNF-

α improves keratinocyte migration in vitro, and adding EGF receptor inhibitor 

or extracellular vesicles of sepsis sera treated NF suppresses migration. Thus, 

re-epithelialization in sepsis is deteriorated. 

3. In septic human wounded skin, growth factors (EGF, VEGF, TGF-β) and 

transmembrane binding protein syndecan-1 are overexpressed while ECM 

glycoprotein tenascin-c and major BM component laminin-332 have lower 

expression compared to healthy controls. The interplay of growth factors and 

ECM is essential in wound healing, and we found this regulatory system to be 

aberrant in sepsis. 

Taken together, these findings confirm that wound healing in sepsis is disturbed 

due to several mechanisms. 
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