
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 2280

Dynamics of Hyaluronan and Related
Proteins in Septic Shock

JAAP VAN DER HEIJDEN

ACTA UNIVERSITATIS
UPSALIENSIS

2026

ISSN 1651-6206
ISBN 978-91-513-2872-0
urn:nbn:se:uu:diva-581137



Dissertation presented at Uppsala University to be publicly examined in H:son
Holmdahlsalen, Uppsala University Hospital, entrance 100, Uppsala, Friday, 28 August 2026
at 13:00 for the degree of Doctor of Philosophy (Faculty of Medicine). The examination will
be conducted in English. Faculty examiner: Professor Anna Norrby-Teglund (Karolinska
Institutet).

Abstract
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Septic shock results from a dysregulated host response to infection, leading to life-threatening
organ dysfunction. Limited treatment options and a heterogeneous, complex pathophysiology
make septic shock a major challenge for clinicians and researchers. Hyaluronan is a versatile
molecule that may influence several biological processes disrupted in septic shock, including
macro- and microcirculation, endothelial and glycocalyx integrity, intravascular volume, and
inflammation. This thesis aimed to deepen understanding of hyaluronan and its associated
proteins in septic shock and to explore potential new treatments.

Study I analysed plasma hyaluronan, hyaluronidase activity, and endogenous hyaluronidase
inhibition in experimental and clinical septic shock and in acute alcohol-related pancreatitis.
Both the experimental control group and septic shock groups showed increased plasma
hyaluronan and hyaluronidase inhibition with decreased hyaluronidase activity. This pattern
was also observed in clinical septic shock, but in alcohol-related pancreatitis only plasma
hyaluronidase activity was reduced.

Study II evaluated high-molecular-weight hyaluronan as an adjuvant to fluid resuscitation at
the onset of septic shock in an experimental peritonitis model. A hyaluronan injection followed
by infusion throughout the experiment did not reduce resuscitation requirements or alter the
inflammatory response.

Study III investigated higher exposure to high-molecular-weight hyaluronan during the
early phase of peritonitis-induced septic shock. Hyaluronan infusion, started immediately after
induction of peritonitis, did not prevent vascular depletion after 6 hours, nor did it preserve
glycocalyx integrity.

Study IV compared proteomic profiles of hyaluronan-related proteins between septic shock
and acute alcohol-related pancreatitis. 663 proteins were identified of which 231 were up- or
downregulated in septic shock and fifteen were identified as hyaluronan-related. Changes were
more pronounced on day 1 than on day 4, and more marked in septic shock than in pancreatitis.
Heavy chains of the inter-alpha-inhibitor family showed marked changes: ITIH1, ITIH2, and
ITIH4 were decreased, whereas ITIH3 was increased.

In summary, plasma hyaluronan and endogenous hyaluronidase inhibition increased whereas
hyaluronidase activity decreased in experimental and clinical septic shock. Supraphysiological
hyaluronan concentrations did not prevent intravascular volume depletion, nor did they alter
the inflammatory response or preserve glycocalyx integrity. Proteomic profiles of hyaluronan-
related proteins differed markedly between septic shock and alcohol-induced pancreatitis.
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ANOVA Analysis of variance 
ARDS  Acute respiratory distress syndrome 
BSA  Bovine Serum Albumin 
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MAP   Mean arterial pressure 
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Introduction 

Background 
Ancient hieroglyphs described observations that the large intestine contained 
dangerous material that could find its way into the vessels, settle anywhere in 
the body, “rise to the heart” and even cause death [1]. Two sets of Papyri 
dating back over 3,000 years which were discovered in Luxor, Egypt, describe 
the process how local inflammation can progress into systemic involvement 
[2], how honey and grease can be used for open wound care and how the 
removal of pus promotes wound healing [3]. It is intriguing that these 
observations from ancient Egypt align partly with our modern understanding 
of sepsis, as the papyri outline warning signs, indicators of disease severity, 
potential treatment modalities for infections, and a concept of source control. 

The term “sepsis” was first mentioned approximately 2700 years ago in 
Homer’s 24th poem, where sepsis is derived from the Greek verb sepo [σήπω] 
which means “I rot” [4]. In the Hippocrates books, the concept of sepsis was 
closely related to “pepsis”, and both could occur within the body. Pepsis was 
considered helpful and benign, while sepsis referred to putrefaction or decay 
and was seen as dangerous [1]. These two concepts do not differ much from 
our current understanding of the pathophysiological progression from an 
adequate endogenous immune response to a life-threatening dysregulated 
response of the host. While Aristotle and later the Romans improved upon this 
theory, it remained unreported or forgotten after the fall of the Roman Empire 
until the development of the microscope and the discovery of microbes in the 
late sixteenth and early seventeenth centuries. Several discoveries in the 
nineteenth century provided critical evidence linking bacteria to infectious 
diseases resulting in the first modern sepsis definition by Hugo Schottmüller 
in 1914 which stated that “sepsis is present if a focus has developed from 
which pathogenic bacteria, constantly or periodically, invade the blood stream 
in such a way that this causes subjective and objective symptoms” [5]. During 
the twentieth century, infections disease mortality decreased substantial due 
to the advances in public health, the discovery of antibiotics and the improved 
supportive care available in modern intensive care units [6]. However, 
mortality rates for sepsis and specifically septic shock remains high [7]. 



 12 

Sepsis 
During recent years, two key global initiatives have made major impact on 
both the recognition and treatment of sepsis and septic shock. The first 
initiative focused on the definition, recognition and severity of sepsis. Since 
1991, three consensus conferences - each building on new evidence and the 
previous meeting - have produced publications to clarify the definition of 
sepsis. This resulted in the Sepsis-1 (1991), Sepsis-2 (2001) and Sepsis-3 
(2016) definitions. The most recent definition from 2016 defined sepsis as a 
life-threatening organ dysfunction caused by a dysregulated host response to 
infection [8]. Septic shock was defined as a subset of sepsis in which 
underlying circulatory abnormalities are profound enough to substantially 
increase mortality. The traditionally used Systemic Inflammatory Response 
Syndrome (SIRS) criteria focusing on inflammatory markers were largely 
abandoned. Instead, the quick Sequential Organ Failure Assessment (qSOFA) 
score was developed and introduced to focus more on organ dysfunction and 
aid in the early recognition of sepsis in non-intensive care unit settings. The 
sequential organ failure assessment score (SOFA) score became a key 
component to assess organ dysfunction in the intensive care unit and to 
determine the severity of sepsis. 

The second important initiative is known as the Surviving Sepsis Campaign 
Guidelines which aimed at improving the management of patients with sepsis 
and septic shock [9]. Since 2004 there have been several major revisions based 
on latest systematic review of the literature and input from international 
experts in critical care and infectious diseases with the latest guidelines 
published in 2026 [10, 11]. Core elements of the guideline include the early 
recognition of sepsis, a focus on prompt administration of broad-spectrum 
antibiotics, protocols for fluid resuscitation, vasopressor treatment, and patient 
monitoring. 

One of the main challenges for researchers and clinicians is the complexity 
and heterogeneity of sepsis and septic shock, which can be caused by various 
pathogens – including bacteria, viruses, and fungi – and can originate from 
multiple sites within the body, such as the lungs, urinary tract, digestive 
system, and skin. Additionally, the clinical presentation is often characterized 
by nonspecific symptoms, which complicates timely recognition and 
diagnosis. Finally, the systemic inflammation response triggered by infection 
can potentially affect nearly every organ in the human body. 

Given the complexity of sepsis and septic shock, it is essential to understand 
the underlying pathophysiological mechanisms. Among these mechanisms, 
hyaluronan emerges as an intriguing molecule due to its role in endothelial 
function and glycocalyx integrity, organizing the extracellular matrix, 
modulating inflammation, and possible influence on circulation – all 
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processes profoundly affected in sepsis. Investigating the involvement of 
hyaluronan may provide valuable insights into sepsis pathophysiology and 
reveal potential therapeutic targets. 

Hyaluronan 
Hyaluronan is a glycosaminoglycan which consists of unbranched single-
chain polymers of disaccharide units. Its structure is unique compared with all 
other glycosaminoglycans due to its non-sulphonated form and its molecular 
weight reaching millions of daltons. Hyaluronan is phylogenetically well-
conserved and found largely unchanged in most vertebrates which 
underscores its fundamental role in various biological processes [12]. Due to 
its unique structure, hyaluronan is known to be highly hydrophilic and capable 
of binding large amounts of water [13], although earlier claims of its water-
binding capacity might have been overestimated [14]. 

Hyaluronan is produced by specialized enzymes called hyaluronan 
synthases (HAS), which are embedded in the plasma membrane. In mammals, 
there are three well-conserved hyaluronan synthases: HAS1, HAS2, and 
HAS3 [15]. Each of these enzymes has distinct enzymatic properties and 
produces hyaluronan of different molecular weights. Specifically, HAS1 and 
HAS2 primarily synthesize high- and middle-molecular-weight hyaluronan 
while HAS3 primarily produces lower-molecular-weight hyaluronan. 
Synthesis of hyaluronan takes place at the cytoplasmic site after which it is 
translocated into the extracellular matrix. 

The molecular weight of hyaluronan is determined by the number of 
repeating β-(1,4)-glucuronic acid and β-(1,3)-N-acetylglucosamine units. The 
molecular weight is classified in oligomers (~ <10 kDa), low- (~ 10-200 kDa), 
medium- (~ 200-1,000 kDa) and high-molecular-weight (~ >1,000 kDa) 
fractions, although these classification cutoffs differ substantially in the 
literature. The human body contains approximately 15 grams of hyaluronan, 
with high-molecular-weight hyaluronan being the most prevalent form found 
in tissues. Hyaluronan is unevenly distributed throughout the body, with most 
located in the skin, skeleton, joints, muscles and viscera [16]. About one-third 
of the total body hyaluronan is turned over daily. In most tissues of the body, 
hyaluronan is degraded locally or transported via lymphatic vessels and 
subsequently degraded in lymph nodes or in the liver after entering the blood 
stream. Tissue half-life time ranges from 0.5-3 days while plasma removal by 
liver is very efficient with a half-life of 3-5 minutes [12]. 

Hyaluronan, inflammation and sepsis 
The nature of hyaluronan’s interaction with its various receptors is profoundly 
influenced by its molecular size. High-molecular-weight hyaluronan is the 
predominantly form of hyaluronan found in healthy tissues, where it preserves 
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homeostasis and exhibits anti-inflammatory, anti-angiogenic and 
immunosuppressive effects [17]. High-molecular-weight hyaluronan’s 
interaction with CD44 and Toll-like receptors supresses pro-inflammatory 
signal pathways and alter the production of inflammatory cytokines such as 
tumor necrosis factor-alpha (TNF-α), interferon‑gamma (IFN-γ), and 
interleukins [18]. During pathological states like inflammation and tissue 
damage, high-molecular-weight hyaluronan is degraded into low-molecular-
weight components. Historically, these hyaluronan fragments were considered 
pro-inflammatory [19] acting through receptors such as CD44, RHAMM, 
ICAM1, VCAM1 and Toll-like receptors. However, contamination with 
endotoxins, either introduced during preparation methods or already present 
in the hyaluronan from its original sources, may have influenced these 
findings rather than the molecular weight of hyaluronan itself [20]. 
Furthermore, subsequent studies using endotoxin-free low-molecular-weight 
hyaluronan have shown conflicting data across different cell culture models 
[20–23], highlighting the complex and nuanced effects low-molecular-weight 
hyaluronan might have on inflammation. 

Studies have examined the inflammatory responses of hyaluronan. In vitro 
experiments show decreased interleukin-6 (IL-6) and TNF-α expression in 
lipopolysaccharide (LPS) challenged cells when treated with high-molecular-
weight hyaluronan (MW ~ 3,000 kDa) [24, 25]. Intraperitoneal pre-treatment 
with high-molecular-weight (MW 1,600 kDa) and low-molecular-weight 
(MW 35 kDa) hyaluronan reduces TNF-α mRNA and protein expression in a 
LPS model although a lower lung injury score was observed only with high-
molecular-weight hyaluronan [26]. Intravenous injection of high-molecular-
weight hyaluronan (MW 1,000 kDa) after an intratracheal challenge with LPS 
mitigates pulmonary vascular permeability and reduces vascular leakage [27]. 
Noteworthy, in vivo nebulization of medium-molecular-weight hyaluronan 
(MW 300-500 kDa) lowers cytokines levels including TNF-α of epithelial 
cells in a cystic fibrosis model [28]. 

In patients with sepsis and septic shock, hyaluronan plasma concentrations 
are elevated [29, 30] and correlate with disease severity [31]. In septic shock 
survivors, plasma hyaluronan concentration decreases during the first week 
while this decrease is not observed in non-survivors [32]. Other conditions 
that lead to increased plasma hyaluronan concentrations are dengue fever [33], 
liver disease [34], SARS-CoV-2 [35], crystalloid infusion [36] and fluid 
overload [37]. Urinary excretion of hyaluronan can predict both acute kidney 
failure and mortality in septic shock and acute respiratory distress syndrome 
(ARDS) [38]. The molecular weight distribution of plasma hyaluronan in 
septic shock is similar as that of healthy volunteers with relatively small 
fragment (50-500 kDa) being the most abundant [29]. 

The exact mechanisms underlying the increase in plasma hyaluronan 
concentrations during sepsis and septic shock remain unclear. Several 
inflammatory mediators associated with sepsis and septic shock stimulate 
hyaluronan production [39] and accumulation of interstitial hyaluronan is seen 
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in preclinical sepsis experiments [40]. Altered lymphatic outflow of 
hyaluronan or decreased hepatic blood flow could lead to increased 
hyaluronan concentration in plasma [41, 42]. Additionally, decreased 
enzymatic hyaluronan removal by the lymphatic system or liver could result 
in higher plasma hyaluronan. Shedding of the hyaluronan-rich endothelial 
glycocalyx layer during sepsis could further elevate plasma hyaluronan 
concentrations [43]. 

Hyaluronan, macro- and microcirculatory effects 
High-molecular-weight hyaluronan (>1,000 kDa) has the unique property of 
acting as a drag-reducing polymer [44]. Addition of very low concentrations 
(i.e. a few parts-per-million) of drag-reducing polymers in a fluid reduces flow 
resistance in turbulent flow. Blood flow has traditionally been considered 
laminar, except at branch points, constrictions, or during periods of high flow 
velocity. However, research suggests that even physiological blood flow may 
exhibit turbulence under normal conditions [45]. In a preclinical study, three 
chemically dissimilar high‑molecular‑weight macromolecules each increased 
aortic flow, implying that a shared drag‑reducing effect underlies these 
macrocirculatory changes [46]. 

While the plasma concentrations of hyaluronan in patients with septic 
shock are in the range of parts-per-million, and therefore hypothetically 
sufficient to induce drag reduction, the molecular weight distribution of 
plasma hyaluronan is predominantly low-molecular-weight [29]. Since only 
high-molecular-weight hyaluronan is known to facilitate drag reduction, it is 
unlikely that the levels of high-molecular-weight hyaluronan in plasma are 
sufficient in vivo to exert such effects. Furthermore, plasma hyaluronan 
concentrations are approximately twofold higher during the febrile, non-shock 
phase of dengue compared to septic shock [18, 19]. Together, this suggests 
that physiological plasma hyaluronan concentrations are unlikely to directly 
contribute to or modulate macrocirculatory mechanisms in septic shock. 

Controversially, potential effects of supraphysiological plasma levels of 
drag-reducing polymers on the microcirculation have been reported. Addition 
of different drag-reducing polymers (MW 2,000-4,000 kDa) to resuscitation 
fluid demonstrated improved survival in preclinical haemorrhagic shock 
models. [47, 48]. The experimental groups required less fluid to maintain 
blood pressure and showed improved tissue perfusion and oxygenation. 
Injection of drag-reducing polymers (MW 4,000 kDa) after induction of sepsis 
improved tissue perfusion and oxygenation [49] and lowered plasma TNF-α, 
IL-6, heparan sulphate, and syndecan-1 reflecting reduced inflammation and 
glycocalyx degradation [50]. In a traumatic brain injury model followed by 
haemorrhagic shock, addition of drag-reducing polymers (MW 4,000 kDa) to 
the resuscitation fluid restored the microvascular cerebral blood flow and 
reduced hypoxia, micro-thrombosis formation and mitochondrial oxidative 
stress when compared with conventional volume expansion [51]. In humans, 
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one dose-escalation trial of hyaluronan infusion is found in the literature [52]. 
Infusion of medium-molecular-weight hyaluronan (MW 280 kDa, highest 
dose 12 mg/kg under 120 minutes) resulted in a mean plasma concentration 
of >300.000 ng/ml with no circulatory or other adverse effects reported. 

The exact role of hyaluronan as a drag-reducing polymer on the 
microcirculation remains unclear. Proposed mechanisms include increased 
near-wall blood flow velocity, reduction of near-wall cell-free layer thickness 
and minimizing flow separations at bifurcations, all of which promote more 
uniform blood distribution and decreased plasma skimming, and therefore 
improving microcirculation. 

Hyaluronidase 
Hyaluronan is primarily degraded by hyaluronidases (HYAL), two β-
exoglycosidases and reactive oxygen species. In humans, six paralogous genes 
encoding hyaluronidase-like sequences have been identified [53]. HYAL-1 
and HYAL-2 are the two primary enzymes responsible for the degradation of 
high-molecular hyaluronan into smaller fragments. HYAL-3 is regarded as a 
relatively inactive enzyme, while HYAL-4 lacks hyaluronidase activity and 
instead can degrade chondroitin. HYAL-5, also known as PH-20, SPAM-1 
and testicular hyaluronidase, was the first observed hyaluronidase and 
reported as “the spreading factor” due to the ability to break down the 
extracellular matrix [54]. Additionally, HYAL-6, also known as PHYAL-1, is 
classified as a pseudogene [55]. 

HYAL-1, HYAL-2 and HYAL-3 are acid-active enzymes while PH-
20/SPAM1 has a biphasic pH optimum and is also neutral active [56] . HYAL-
2 has been reported with a higher near-neutral pH optimum [57, 58] but this 
might have been due to contamination of other hyaluronidase activity [59]. 

HYAL-1 is a lysosomal enzyme found in high concentrations in the liver, 
kidney, spleen and heart and the only hyaluronidase found in plasma and urine 
[60, 61]. HYAL-2 is a transmembrane enzyme that, in conjunction with CD44 
or other hyaluronan receptors, break down high-molecular-weight hyaluronan 
into smaller fragments of ~ 20 kDa. These fragments are internalized into 
endocytic vesicles and further degraded to oligosaccharides by HYAL-1 and 
β-exoglycosidases within endo-lysosomes [56]. 

To date, the available literature on hyaluronidase in relation to sepsis or 
septic shock is limited. However, existing data suggest that hyaluronidase may 
play a role in various aspects of the pathophysiology of septic shock. 

Hyaluronidase was originally described as “the spreading factor”. 
Streptococcus pyogenes, Staphylococcus aureus, Streptococcus agalactiae, 
and Enterococcus faecalis are all bacteria that express hyaluronidase activity 
and are associated with sepsis. Studies show that hyaluronidase is acting as a 
virulence factor for these bacteria due to facilitation of penetration of bacteria 
or bacterial products within the host tissues [62–66]. Furthermore, several 
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venoms contain hyaluronidase, which facilitates the diffusion of other venom 
components throughout the body [67]. 

Hyaluronidases were considered pro-inflammatory, either directly or 
indirectly by breaking down high-molecular-weight hyaluronan into smaller 
fragments and thereby activating the inflammatory process. In one study 
however, highly purified recombinant hyaluronidase and its low-molecular-
weight hyaluronan fragments showed no pro-inflammatory activity, whereas 
bovine testis hyaluronidase did [23]. Endotoxin-depleted bovine testis 
hyaluronidase had much lower pro-inflammatory activity, suggesting that 
endotoxins, rather than hyaluronidase itself, are responsible for the observed 
pro-inflammatory effects. The same study also found that recombinant 
hyaluronidase showed anti-inflammatory effects by disrupting the CD44-
hyaluronan interaction and therefore inhibiting neutrophil recruitment. 
Another study found similar anti-inflammatory effects of purified 
hyaluronidase, including reduced cytokine production, inhibited neutrophil 
recruitment and reduced protein extravasation [68]. 

Hyaluronidases are used in experimental settings to shed the glycocalyx 
from the endothelial layer [69] and is considered an potential glycocalyx 
sheddase in sepsis and septic shock [70–72]. The glycocalyx plays a crucial 
role in several physiological functions including maintaining the integrity of 
the vascular permeability barrier and housing of several protective enzymes 
and modulation of inflammatory response [73]. Enzymatic removal of the 
glycocalyx with hyaluronidase alters the microcirculation and almost instantly 
increases hyaluronan concentration in plasma but its effect on oedema 
formation remains unclear [69, 74]. Furthermore, hyaluronidase increases the 
permeation of the glycocalyx for smaller polysaccharides (dextran 70 and 145 
kDa), allowing them to penetrate closer to the endothelial surface [75]. 

Although hyaluronidase is found in several bacteria and used in 
experimental setting to simulate glycocalyx shedding, the role of endogenous 
hyaluronidase in sepsis or septic shock is not yet understood. 

Hyaluronidase inhibitors 
Hyaluronidase inhibitors are potent regulators that influence hyaluronan 
homeostasis. Several agents with hyaluronidase-inhibiting properties have 
been identified [76]. In sharp contrast, little is known about the endogenous 
hyaluronidase inhibitors in humans. 

One of the most promising candidates for endogenous plasma 
hyaluronidase inhibition in humans is the pre-alpha-trypsin inhibitor (PαI) 
which belongs to a group of serine protease inhibitors called the inter-alpha-
inhibitor (IαI-) family [77]. The IαI-family consists of the light chain bikunin 
and six heavy chain isoforms (ITIH1-6). Various combinations of heavy 
chains can covalently link with the light chain, resulting in different members 
of the IaI-family. These members can interact with hyaluronan by binding 
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their heavy chains to it, forming serum‑derived hyaluronan‑associated protein, 
thereby strengthening and stabilizing the extracellular matrix and modulating 
inflammation. [78]. Bikunin is further found in plasma as a free, unbound 
protein, and when it binds to a single ITIH3 molecule, it forms the pre-alpha-
trypsin inhibitor. 

Several studies examined the relation of the IαI-family and sepsis and 
septic shock. The total IαI-family plasma concentration is decreased in septic 
shock when compared with healthy volunteers [79] and failure to recover 
within 3-5 days is associated with a higher 28-days mortality [80]. 
Paradoxically, analysis of individual heavy chains shows elevated plasma 
concentration of ITIH3 in patients with bacterial infection [81] and patients 
with septic shock [82] when compared with healthy volunteers or non-septic 
intensive care patients respectively. Urinary trypsin inhibitor, which is free 
bikunin isolated from human urine and approved as treatment in several Asian 
countries, shows reduction of 28-day mortality in septic shock [83] and 
improves outcome in patients with severe acute pancreatitis [84]. Surprisingly, 
other studies show that only members of the IaI-family play a key role in 
controlling neutrophil activation [85] while free bikunin may contribute to 
endothelial damage and pro-inflammatory signalling [86]. The conflicting 
findings, together with the diversity of the IαI-family members highlight the 
family's complexity and its potential role in inflammation and sepsis. 

Although pre-alpha-trypsin inhibitor is considered a potential endogenous 
hyaluronidase inhibitor and plasma ITIH3 is increased in septic shock, no 
information is available about the actual endogenous hyaluronidase inhibition 
in plasma during septic shock. Furthermore, knowledge about potential tissue 
hyaluronidase inhibitors is absent and it is speculated that certain circulating 
inhibitors do not belong to the IαI-family [77]. 

Hyaluronan related proteins 
The numerous hyaluronan-related proteins found throughout the body 
underscore the diversity and complexity of hyaluronan’s roles in several 
biological processes such as maintaining endothelial and glycocalyx integrity, 
organizing the extracellular matrix, and modulating inflammation. 

CD44 is a transmembrane receptor that mediates interactions between the 
cell and the extracellular surrounding. The primary ligand for CD44 is 
hyaluronan, although other extracellular components also serve as ligands 
[87]. Besides the standard CD44, i.e. CD44s, several isoforms generated 
through alternative splicing are known [88]. In inflammation, CD44 located 
on neutrophils interact with hyaluronan on the endothelial cells, promoting 
rolling, adhesion and transmigration into tissues [89]. Absence or 
pharmacological blocking of CD44 reduces acute lung injury and vascular 
permeability and prevented inflammatory cell infiltration in the lungs in 
preclinical models [90, 91]. In humans, plasma concentration of CD44s are 
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increased in patients with septic shock compared with healthy individuals and 
correlate with microvascular impairment [92]. 

LYVE-1 is homologous to CD44 but almost exclusively found on the 
lymphatic endothelial cells [93]. LYVE-1 facilitates in the process where 
tissue hyaluronan is transported through lymphatic vessels and degraded in 
lymph nodes. The remaining hyaluronan enters the bloodstream and is 
primarily cleared by the liver via the hyaluronan receptor of endocytosis 
(HARE) followed by lysosomal degradation [94]. Additionally, LYVE‑1 acts 
as a receptor for immune cells, engaging the hyaluronan‑rich glycocalyx on 
their surface and facilitating their passage from the interstitial space into the 
lymphatic lumen, followed by migration to downstream lymph nodes [95]. 

Hyaluronan, hyaluronidases, hyaluronidase inhibitors and other hyaluronan-
related proteins participate in multiple key biological processes. However, 
detailed information about the balance or dysregulation of these agents in 
sepsis and septic shock remains limited. The potential benefits of high-
molecular-weight hyaluronan – including its water binding capacity that may 
help maintain intravascular volume, its drag-reducing properties that could 
improve microcirculation, and its ant-inflammatory effect - makes hyaluronan 
a promising subject for sepsis research. 
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Rationale and Aims of the Studies 

The overall goal of this thesis was to gain a deeper understanding of the 
complex pathophysiology of sepsis and septic shock, as well as to explore new 
potential treatment strategies. The primary aim was to investigate the 
behaviour of plasma hyaluronan, plasma hyaluronidase activity, endogenous 
plasma hyaluronidase inhibition, and hyaluronan-associated proteins in sepsis 
and septic shock. The secondary aim was to investigate hyaluronan as a 
potential new treatment modality. We conducted four studies which are briefly 
described below. 

In Study I, the aim was to investigate how plasma hyaluronidase activity and 
endogenous plasma hyaluronidase inhibition correlates with plasma hyaluronan 
during systemic inflammation in a porcine Escherichia coli (E. coli) sepsis 
model and in healthy volunteers, patients with septic shock, and patients with 
acute alcohol-related pancreatitis. The main hypothesis was that plasma 
hyaluronidase could act as an endothelial glycocalyx shedding enzyme. 

In Study II, the aim was to investigate the potential effects of high-molecular-
weight hyaluronan on circulatory and inflammatory changes in peritonitis-
induced septic shock. The primary hypothesis was that infusion of high-
molecular-weight hyaluronan would lower the need of crystalloid fluid 
resuscitation while maintaining an adequate blood pressure and perfusion. The 
secondary hypothesis was that high-molecular-weight hyaluronan would 
lower the inflammatory response in plasma. 

In Study III, the aim was to investigate the effect of increased levels of high-
molecular-weight hyaluronan concentration during the early phase of 
peritonitis-induced septic shock. The primary hypothesis was that infusion of 
high-molecular-weight hyaluronan could prevent vascular leakage and 
preserve the integrity of the glycocalyx and therefore reduce the need for 
crystalloid fluid resuscitation. 

In Study IV, the aim was to investigate and compare the plasma proteomic 
profiles of hyaluronan-associated proteins in patients with the dysregulated 
immune response of septic shock and those with sterile inflammation due to 
acute alcohol-related pancreatitis. 
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Materials and Methods 

Ethics approval and consent to participate 
The preclinical porcine studies in this thesis were performed at the 
Hedenstierna Laboratory (Uppsala University, Sweden). The Animal Ethical 
Committee in Uppsala granted permission for Study I (permit number 
C273/12/2012) and Studies II and III (permit number 5.8.18-01054/2017, 
DOUU 2019-014). The animals were handled in accordance with the National 
Institute of Health Guide for the Care and Use of Laboratory Animals during 
these experiments [96]. 

The clinical human plasma samples analysed in Studies I and IV were 
approved by the institutional ethics committee of the Helsinki University 
Central Hospital, Finland (permit number 101/13/03/02/08). The samples 
were obtained after written consent for participation from either the patient or 
their next of kin prior to enrolment. 

Animal preparation 
In Studies I, II and III, all animals received intramuscular premedication before 
the ear vein was cannulated. After induction and confirmation of adequate depth 
of anaesthesia, all animals were tracheotomised. General anaesthesia, including 
muscle relaxants, were maintained throughout the experiment. 

During surgical preparation all animals received an arterial catheter in 
either the right cervical artery or the right carotid artery for blood pressure 
measurement and blood sampling. The right external jugular vein was 
catheterised with a 3-lumen central venous catheter and a pulmonary artery 
catheter that included a thermistor for continuous temperature monitoring. A 
urine catheter was placed via a vesicostomy to monitor urine output and a 
pulse oximeter was placed around the base of the tail. 

In Studies II and III, a pulse index continuous cardiac output (PiCCO) 
catheter was placed in the femoral artery to estimate stroke volume variation 
(SVV) and extravascular lung water. In Studies I and II, a fluid bolus with 
Ringer’s acetate of 20 and 30 ml/kg, respectively, was given during the 
preparation phase. Study III did not included a fluid bolus. 

Mechanical volume-controlled ventilation was initiated with a fractional 
inspired oxygen (FiO2) of 0.30, an inspiratory-to-expiratory ratio (I:E) of 1:2, 
and a respiratory rate of 25/min. In Study I the tidal volume was 6 ml/kg and 
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positive end-expiratory pressure (PEEP) 5 cmH2O, while in Studies II and III 
the tidal volume was 8 ml/kg and PEEP 8 cmH2O. Tidal volume, I:E and PEEP 
remained unchanged throughout each experiment, while FiO2 and respiration 
rate were adjusted as needed according to the specific study protocol. 

The preparation phase was followed by the stabilisation period. Before the 
initiation of the experimental protocols, baseline (BL) measurements such as 
arterial and mixed-venous blood gases, and blood samples were taken, while 
vital parameters were recorded. At the experimental endpoint, all animals 
were euthanised by direct injection of potassium chloride into the central 
venous line while under anaesthesia. 

The Escherichia coli model 
In Study I, sepsis was induced through infusion of live E. coli (strain B09-
11822) throughout the experiment. E. coli was chosen because it does not 
express hyaluronidase activity [97]. The bacterial infusion was replaced every 
two hours to keep the bacteria in a logarithmic growth phase [98]. Samples 
from each individual syringe were cultured on agar plates to monitor the total 
bacterial load throughout the experiment. Blood cultures were taken at 
baseline and every three hours. 

The peritonitis model 
In Studies II and III, an autologous faecal-peritonitis model was used to induce 
sepsis. A midline laparotomy was performed and faeces were collected 
through an incision in the caecum, after which the incision was closed. A total 
of 2 g/kg body weight was mixed in 200 ml of warmed 5% glucose solution 
and instilled intraperitoneally via a large-bore drain, followed by closure of 
the abdominal wall. 

The hyaluronan injection model 
A feasibility study was performed prior to Studies II and III to obtain 
haemodynamic, simplified kinetic and safety information about hyaluronan 
injection. The intervention group (n=3) received high-molecular-weight 
hyaluronan (HMW-HA, 1,560 kDa) by intravenous injections, whereas the 
control group (n=2) was injected with equivalent amounts of 0.9% saline. Six 
successive injections with 0.1% (1 mg/ml) hyaluronan were given to each 
individual animal, aiming to achieve a plasma concentration of 1,000; 5,000; 
10,000; 30,000; 50,000; and 100,000 ng/ml by injecting 0.065, 0.325, 0.65, 
1.95, 3.25, and 6.5 mg/kg, respectively (estimated porcine blood volume of 65 
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ml/kg). Each injection was defined as time point T=0. Blood samples 
(ethylenediaminetetraacetic acid [EDTA]) were taken at 3 and 45 minutes 
after each injection for hyaluronan kinetic estimation. Vital parameters were 
recorded at T=0 and after 5, 10, 15, 25, 35, and 45 minutes. The time point 
T=45 was then set as T=0 for the subsequent injection. 

Clinical human plasma samples 
In Studies I and IV, plasma samples of healthy volunteers, patients with septic 
shock, and patients with acute alcohol-related pancreatitis were analysed. The 
samples were taken between September 2008 and September 2009 at the 
Helsinki University Hospital, Finland. 

Inclusion criteria: 

Patients with septic shock: 
• Age ≥18 years  
• ≥2 SIRS criteria fulfilled 
• Proven or highly suspected infection consistent with septic shock 
• Noradrenaline of at least 0.1 mcg/kg/min despite adequate fluid 

resuscitation to maintain systolic arterial pressure ≥90 mmHg. 

Patients with acute alcohol-related pancreatitis: 
• Age ≥18 years 
• ≥2 SIRS criteria fulfilled 
• History of excessive alcohol consumption 
• Pancreatitis confirmed by computed tomography (in the absence 

of biliary stones) 

Blood samples were taken within 24 hours of admission to the intensive care 
unit (day 1) and 72 hours thereafter (day 4). Plasma samples in K2-EDTA-
tubes were stored at -80 °C for further analysis. 

Experimental Protocols 
Study I 
The stabilisation period was followed by the allocation of sixteen animals 
using an open-label method into three groups: Sepsis-1 (n=5), Sepsis-2 (n=5), 
and Control (n=6). Sepsis-1 received an infusion of E. coli at 1×108 colony 
forming units (CFU)/h for 12 hours, Sepsis-2 received the same infusion for 
the first 6 hours followed by 10 × 109 CFU/h for the remaining 6 hours, while 
the control group received an infusion of equal amount of 0.9% saline (Figure 



 24 

1). Vital parameters were measured continuously during the whole experiment 
and recorded every hour. Blood samples (EDTA) for plasma hyaluronan, 
effective hyaluronidase activity and endogenous hyaluronidase inhibition 
analysis were taken at baseline (T=0), T=6 and T=12 hours. Arterial and 
mixed-venous blood gases were taken hourly, while urine samples were 
collected every three hours. If mean arterial pressure (MAP) was <60 mmHg 
or cardiac output <1.5 L/min, a bolus of 15 ml/kg Ringer’s acetate was given. 
If the fluid resuscitation had an inadequate effect, noradrenaline infusion was 
started to maintain MAP ≥60. FiO2 was increased if PaO2 fell below 8 kPa, 
and respiration rate was increased if PaCO2 exceeded 6.5 kPa. 

 
Figure 1. Timeline of Study I. 

Study II 
The stabilisation period was followed by the initiation of the peritonitis model. 
Sixteen animals were divided into two groups using a blinded approach with 
block randomisation: peritonitis intervention group (peritonitis + hyaluronan, 
n=8) and peritonitis control group (peritonitis, no hyaluronan, n=8). At the onset 
of circulatory instability (S=0, defined as MAP <60 mmHg for >5 min), an 
infusion of 10 ml/kg/h Ringer’s acetate was started in both groups. The 
peritonitis intervention group received an initial injection of 1 mg/kg of high-
molecular-weight hyaluronan over 10 minutes followed by a continuous 
infusion of 1 mg/kg/h throughout the experiment, aiming for a hyaluronan 
plasma concentration of 10,000 - 15,000 ng/ml. The peritonitis control group 
received equal volumes of 0.9% saline. Immediately following the intervention, 
2 grams of piperacillin/tazobactam were administered to both groups and 
repeated every 6 hours thereafter. Vital parameters were measured continuously 
during the whole experiment and recorded every hour. Arterial and mixed-
venous blood gases were analysed every hour and every 3 hours, respectively, 
whereas blood and urine samples were collected every 6 hours (Figure 2). 
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The resuscitation protocol was initiated when MAP <60 mmHg. With signs 
of hypovolemia, defined as SVV >15% for 10 minutes, boluses of 150 ml (~5 
ml/kg) Ringer’s acetate were given until SVV <13%. If signs of hypovolemia 
were absent, a bolus of 20 mcg noradrenaline was given followed by initiating 
an infusion of 5 ml/h noradrenaline (~0.1 mcg/kg/min). If needed, 
noradrenaline was increased stepwise by 5 ml/h until stabilisation of MAP 
≥60 mmHg. When MAP ≥60 mmHg and SVV <13%, infusion of Ringer’s 
acetate was subsequently lowered to 5 ml/kg and paused to prevent fluid 
overload. 

 
Figure 2. Timeline of Study II. 

Study III 
The stabilisation period was followed by the allocation of the animals in a 
two-step block randomisation approach. First, the animals were divided into 
two groups: peritonitis (n=16) and time controls (n=4). The time control group 
(n=4) was divided into a time control without hyaluronan infusion group (n=2) 
and a time control with hyaluronan infusion group (n=2). The peritonitis group 
(n=16) was further divided into two subgroups, the intervention group 
(peritonitis + hyaluronan, n=8) and the peritonitis control group (peritonitis, 
no hyaluronan, n=8). In conjunction with the laparotomy, the intervention 
group received a high-molecular-weight hyaluronan infusion at a rate of 6 
mg/kg/h for 2 hours, while the peritonitis control group received an equal 
volume of 0.9% saline (Figure 3). Two hours post-initiation of peritonitis each 
animal received 2 grams of pipercillin/tazobactam. During the entire length of 
the experiment (i.e., 6 hours), SVV and extravascular lung water were 
recorded continuously, and vital parameters were recorded every hour. 
Arterial and mixed-venous blood gasses, plasma samples and bacterial blood 
cultures were collected at baseline and at 1, 2, 3, and 6 hours after start of 
peritonitis. Circulatory instability was defined as MAP <55mmHg for >5 
minutes, upon which noradrenaline treatment was initiated and/or increased 
per protocol. The administration of additional fluids was not permitted. 
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Figure 3. Timeline of Study III. 

Laboratory analyses 
In Study I, plasma samples obtained from the porcine sepsis infusion model as 
well as plasma samples of healthy volunteers (n=20), patients with septic 
shock (n=17, day 1 and 4) and patients with pancreatitis (n=7, day 1 and 4) 
were analysed for hyaluronan concentration, effective hyaluronidase activity 
and endogenous hyaluronidase inhibition. All analyses were performed at the 
Department of Medical Biochemistry and Microbiology (IMBIM) at Uppsala 
University’s Biomedical Centre. Quantification of plasma hyaluronan was 
based on an sandwich-type enzyme-linked immunosorbent assay (ELISA) as 
previously described [99, 100]. An assay for measuring effective 
hyaluronidase activity was adapted and optimised [101]. The endogenous 
plasma hyaluronidase inhibition assay was conducted using the hyaluronidase 
activity assay, with necessary adjustments [77, 102, 103]. Each method is 
briefly described below. 

Hyaluronan 
96-well microtiter plates (Maxisorb, Nunc) were coated with 1 mcg/ml 
Hyaluronan-Binding Protein (HABP) in 50 mM sodium carbonate buffer (pH 
9.5). After storage overnight at 4°C, the plates were washed with phosphate-
buffered saline (PBS) containing 0.5% Tween 20 washing buffer and blocked 
with PBS containing 1% Bovine Serum Albumin (BSA) to block any 
nonspecific binding. Standard hyaluronan (0 to 50 ng/ml, negative and 
positive controls, respectively) and plasma samples (EDTA, 1:10 dilution) in 
1% BSA-PBS were added to the wells in duplicates and incubated for 1 hour 
at room temperature. The plates were washed with PBS containing 0.5% 
Tween 20 washing buffer and incubated with 1 mcg/ml biotinylated HABP 
for one hour at room temperature and rinsed again. The plates were incubated 
with Streptavidin horseradish peroxidase (HRP, 1:1600 in 1% BSA-PBS) for 
1 hour at room temperature and rinsed with PBS containing 0.5% Tween 20 
washing buffer. Finally, 3,3′,5,5′-Tetramethylbenzidine was added to the 
plates resulting in a colour development of the wells that was terminated with 
2M H2SO4. The absorbance was read at 450 nm (EnSpire Multimode Plate 
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Reader, PerkinElmer). A linear standard curve was used to calculate 
hyaluronan concentration. 

Hyaluronidase 
96-well microtiter plates (Covalink, Nunc) were coated with 0.2 mg/ml 
biotinylated hyaluronan and 0.184 mg/ml Sulfo-NHS. EDAC was diluted to 
0.123 mg/ml and added to the plates. After storage overnight at 4°C, the plates 
were washed with PBS containing 2M NaCl and 50mM MgSO4. Wells were 
equilibrated with the appropriate pH buffer (0.1M formate, 0.1M NaCl, 1% 
Triton X-100, 5mM saccharolactone; pH 3.7 for lysosomal plasma 
hyaluronidase and pH 4.5 for bovine testis/neutral-active enzymes). Standard 
bovine testicular hyaluronidase with known activity (1 to 1x10-4 TRU/well, 
diluted in pH 4.5 buffer) and plasma samples (EDTA, 1:100 dilutions in pH 
3.7 buffer) were added in duplicates and incubated for 90 minutes at room 
temperature. Wells without streptavidin-HRP (negative controls) and wells 
with no enzyme activity (maximum signal of assay) were included in 
duplicates. 6M Guanidine-HCl was added to the plates to terminated the 
reaction and washed with PBS containing 2M NaCl and 50mM MgSO4 0.05% 
Tween 20 washing buffer. All wells except the negative controls were 
incubated with streptavidin-HRP (1:1600 in PBS containing 0.1% Tween 20) 
followed by 3,3′,5,5′-Tetramethylbenzidine resulting in a colour development 
of the wells. This reaction was terminated with 2M H2SO4 and absorbance was 
measured at 450 nm. A linear standard curve was used to calculate 
hyaluronidase activity. 

Endogenous hyaluronidase inhibition 
96-well plates prepared as for the hyaluronidase assay were prepared, stored 
overnight at 4°C, and washed. Plasma samples (EDTA, 1:900 dilution) were 
added to a pH 7.5 buffer (50mM Hepes, pH 7.5, 0.1M NaCl, 1% Triton X-
100) containing 1 TRU/ml bovine testicular hyaluronidase and 2.0mM Mg2+. 
Endogenous plasma hyaluronidase is active at an acidic pH with optimum 
around 3.7 while bovine testis hyaluronidase reflects a bimodal distribution of 
activity with pH optima at pH 4.5 and 7.5. The pH 7.5 buffer added to the 
plasma samples therefore ensured that only the exogenous bovine testis 
hyaluronidase was active and could be compared with the inhibition activity 
of plasma samples. To recover inhibition activity in plasma samples compared 
with serum samples, the addition of Mg2+ was needed. The standard curve (1 
to 1x10-4 TRU/well, diluted in pH 7.5 buffer) and samples were added to 
individual wells in duplicates and incubated for 60 minutes at room 
temperature. Remaining steps were similar as the hyaluronidase protocol. The 
precent hyaluronidase plasma inhibition was calculated as: inhibition (%) = 1- 
[(Amax-Asample)/(Amax-Amin)] where Amax is the absorbance of wells not exposed 
to hyaluronidase plus no inhibitor (positive controls), Amin is the absorbance 



 28 

of wells exposed to hyaluronidase plus no inhibitor and Asample is the 
absorbance of wells exposed to hyaluronidase plus inhibition of the respective 
sample. Hence, precent inhibition is determined from differences between 
absence of hyaluronan degradation, hyaluronan degradation by a known 
enzymatic activity and the degradation caused by a known enzyme activity 
exposed to plasma enzyme inhibitors. 

Proteomic analyses 
In Study IV, plasma samples from healthy volunteers (n=8), patients with 
septic shock (n= 13, day 1 and day 4) and patients with alcohol-related 
pancreatitis (n=8, day 1 and day 4) were analysed. Notably, the samples 
analysed in Study IV comprised a subgroup of the larger set used in Study I. 
Sample preparation, proteomic analysis, identification of hyaluronan-related 
proteins and functional and pathway enrichment analysis are briefly 
described below. 

Sample preparation and proteomic analyses 
Plasma samples were processed in a blinded manner and prepared for 
proteomic analysis by removing highly abundant proteins, thereby improving 
detection of lower-abundance proteins. The samples were processed via the 
modified filter-aided sample preparation (FASP) method, during which 
proteins were denatured and enzymatically digested with trypsin into peptides. 
Following digestion, peptides were labelled with Tandem Mass Tags to enable 
relative quantification across multiple samples, which were then combined 
into pooled mixtures. The pooled samples were fractionated, and peptides 
separated using chromatographic separation. Each fraction was analysed by 
high-resolution liquid chromatography–tandem mass spectrometry (LC-
MS/MS), which identifies and quantifies peptides based on their mass-to-
charge ratios and fragmentation patterns. Data were processed using Proteome 
Discoverer software to match peptide signals to known human proteins and to 
quantify relative protein abundances. 

Identification hyaluronan-related proteins 
Identification of hyaluronan-associated genes was conducted in Python. A 
keyword-based search strategy focused for “hyaluronan” was applied to the 
proteomic dataset obtained from the proteomic analysis. Genes were 
classified as hyaluronan-associated when these keywords were present in 
their UniProt annotations (functional descriptions, Gene Ontology terms, or 
cross-references). 
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Functional and pathway enrichment analyses 
Functional and pathway enrichment analyses were conducted on the hyaluronan-
related proteins using Python (GOATTOOLS v1.4.12 and GSEApy v1.1.3 / 
Reactome_2022 pathway database for humans). 

Large Language Model (LLM) 
To improve readability, an AI‑based large language model (ChatGPT) was 
used on the final draft to identify and correct grammatical inconsistencies, 
sentence‑structure issues, and spelling errors. The AI was used solely for 
editing; no scientific content, data, analyses, or interpretations were generated 
or altered by the model. All AI edits were reviewed and approved before 
implementation. 

Statistics 
A p-value < 0.05 was considered statistically significant in all four studies. 
The Shapiro-Wilk test was used to test the data for normality of distribution. 
Statistical analysis was performed using IBMÒ SPSSÒ statistics (SPSS, Inc., 
Chicago, IL, USA, v23, v27 and v28 for Studies I, IV and II, III respectively) 
and Python (v3.12.0, Study IV). Statistical tests were used according to data 
distribution, and reported as mean and ± standard deviation (SD) or median 
and interquartile range (IQR), as appropriate. For Study I a convenience 
sample size with the minimal reasonable numbers of animals was chosen, 
since no prior data of effective plasma hyaluronidase activity and endogenous 
hyaluronidase inhibition in septic pigs were available. The sample size 
determination for Studies II and III was based on fluid balance and data from 
previous peritonitis studies. Sample-size calculations assumed a difference of 
1.5 SD between groups, a power of 0.8, and a significance level of 0.05. 

Study I 
The expectation-maximization method was applied for missing data. To 
compare groups, one-way ANOVA or Kruskal-Wallis test was used when 
appropriate. To compare groups over time, the Wilcoxon signed-rank test was 
used. For differences between and within groups over time, a two-way 
repeated-measures ANOVA was applied. Post hoc analysis was performed 
with the Bonferroni correction or Mann-Whitney U tests. For correlation 
analysis the Spearman’s rank-order test was used, while for within-subjects 
correlation the Bland Altman method was applied [104]. 
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Study II  
Multiple imputation was applied to replace missing data in case of early 
deaths. The paired t-test was used to analyse changes between baseline and S0 
within each group, while the one-way ANOVA was used to describe the 
groups individually throughout the experiment. For comparison between the 
peritonitis and intervention group the two-tailed Student t-test, the Mann-
Whitney U test or the two-way ANOVA were used depending on the data 
distribution. The two-way ANOVA with multiple imputation (i.e., 5) was 
reported as p-value interval. For correlation analysis the Spearman’s rank-
order test was used. The Friedman test was used to analyse changes over time 
for non-parametric data. 

Study III 
The control and intervention groups were compared using the two-tailed 
Student t-test, the Mann-Whitney U test, or two-way ANOVA, as appropriate. 
A linear mixed model was used with treatment allocation (hyaluronan versus 
0.9% saline) as a fixed effect and the subject identifier as a random effect to 
compare groups over time and account for the repeated measurements within 
each animal. A mixed model was used to compare the groups throughout the 
duration of the experiment with Bonferroni correction. The Friedman test was 
used to analyse changes over time for non-parametric data. 

Study IV 
Group-level differences in differentially expressed proteins were analysed 
using ANOVA, followed by Benjamini-Hochberg procedure for multiple 
testing correction. Differences between specific groups were tested using 
Tukey’s HSD test post-hoc analysis. Independent data between the groups was 
analysed with the Kruskal-Wallis test or Mann-Whitney U test, while 
dependent data was analysed with the Wilcoxon signed-rank test. Correlations 
between selected hyaluronan-related proteins and endogenous hyaluronidase 
inhibition (Study I) were tested via the Spearman’s rank order. 
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Results 

Study I 
Preclinical study 
For Sepsis-1 and Sepsis-2 groups, no differences in bacterial infusion 
(CFU/hour) were found from the start of the experiment until time point T=6, 
while a ten-fold difference was achieved in Sepsis-2 from T=6 until the end 
of the experiment (Figure 4a). The control group receiving 0.9% saline 
infusion instead of E. coli did not present positive blood cultures at any 
measured time point (Figure 4b). 

 
Figure 4a-b. Preclinical experiments. Boxplots visualizing (a) actual E. coli infusion in 
CFU/hour throughout the experiments and (b) total CFU per ml blood measured on blood 
cultures during E. coli infusion. Control group (n=6; white bars), Sepsis-1 (n=5; light 
grey bars) and Sepsis-2 (n=5; dark grey bars). *Indicates significant differences (p < 0.05) 
between Sepsis-1 and Sepsis-2 at the specific time point (Mann-Whitney U test). 

The control group showed no circulatory or respiratory changes throughout 
the experiment (Figure 5a-f). No differences were found between the Sepsis-
1 and Sepsis-2 groups at any time point. One animal died in each Sepsis group 
due to refractory septic shock. MAP was lower for both sepsis groups at time 
point T=12 compared with controls. Mean pulmonary arterial pressure 
(MPAP) showed a transient increase for both sepsis groups compared with 
controls with no difference found at T=12. SvO2 decreased significant at T=6 
for both sepsis groups and this reduction was sustained over subsequent time 
points for Sepsis-2. Compared with controls, PaO2/FiO2 ratio was lower from 
T=6 and T=9 for Sepsis-1 and Sepsis-2 respectively. 
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Figure 5a-f. Preclinical experiments. Boxplots showing circulatory changes of (a) MAP, 
(b) MPAP, (c) Cardiac Index (CI) and (f) lactate, and respiratory changes of (d) SvO2 and 
(e) PaO2/FiO2 over time (T=0 baseline; T=12 experimental endpoint) for the control 
group (n=6; white bars), Sepsis-1 group (n=5; light grey bars) and Sepsis-2 group (n=5; 
dark grey bars). * Indicates significant changes (p < 0.05) compared with the control 
group for the given time point (one-way ANOVA with Bonferroni correction). 

The plasma concentration of hyaluronan increased in all groups over time (p 
< 0.05) while at time point T=12, hyaluronan was higher in the Sepsis-2 group 
compared with the Sepsis-1 and control groups. Effective plasma 
hyaluronidase activity decreased over time in all groups (p < 0.05) with no 
differences observed at any time point between the groups. Endogenous 
hyaluronidase inhibition in plasma increased over time for the control and 
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Sepsis-1 groups (p < 0.05) but not for Sepsis-2, with no differences found 
between the groups at any time point (Figure 6a-c). 

 
Figure 6a-c. Preclinical experiments. Boxplots display changes in (a) plasma 
hyaluronan concentration, (b) effective plasma hyaluronidase (HYAL) activity and 
(c) endogenous hyaluronidase (HYAL) inhibition in plasma for the control group 
(n=6; white bars), Sepsis-1 group (n=5; light grey bars) and Sepsis-2 group (n=5; dark 
grey) for time points T=0, T=6 and T=12 (Mann-Whitney U test). 

When using the Bland Altman method for within-subject correlation, no 
correlation was found between plasma hyaluronan concentration and 
endogenous plasma hyaluronidase inhibition (p = 0.506; Figure 7a-c). The 
effective plasma hyaluronidase activity showed both a negative correlation 
with plasma hyaluronan concentration (r = -0.38, p = 0.026) and endogenous 
plasma hyaluronidase inhibition (r = -0.824, p < 0.001). Pooled data of all 
three groups combined (control, Sepsis-1 and Sepsis-2) showed a correlation 
between effective plasma hyaluronidase activity and plasma hyaluronidase 
inhibition (Figure 8a-c). 
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Figure 7a-c. Preclinical experiments. Visualisation of within-subjects correlation for 
plasma hyaluronan concentration with (a) effective plasma hyaluronidase (HYAL) 
activity and (c) with plasma hyaluronidase (HYAL) inhibition, and for effective 
plasma hyaluronidase (HYAL) activity and plasma hyaluronidase (HYAL) inhibition 
(b). Each line represents repeated measurements from a single experiment at three 
time points (T=0, T=6, and T=12), from which a pooled within-subject correlation 
was calculated (Bland Altman method). To facilitate the visualization of each 
individual regression line clearly, the three experimental groups (control, Sepsis-1 and 
Sepsis-2) are shown separately. 
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Figure 8a-c. Preclinical experiments. Pooled data from control, Sepsis-1, and Sepsis-
2 groups visualizing (b) correlation between effective plasma hyaluronidase (HYAL) 
activity and hyaluronidase (HYAL) inhibition (spearman’s rho = -0.697, n=48, p < 
0.01). No correlation was found between (a) plasma hyaluronan concentration and 
effective plasma hyaluronidase (HYAL) activity or (c) plasma hyaluronan 
concentration and hyaluronidase (HYAL) inhibition (Spearman’s rank-order test). 

Clinical study 
The plasma hyaluronan concentrations were comparable between healthy 
volunteers and patients with pancreatitis at day 1 and day 4 (p = 0.075 and 
p = 0.127 respectively, Figure 9a-c). Patients with septic shock showed 
increased concentrations of plasma hyaluronan at day 1 and day 4 compared 
with healthy volunteers and patients with pancreatitis at day 1 and day 4 (p 
< 0.001). Plasma hyaluronan concentration was higher in patients with septic 
shock at day 1 compared with day 4 (p = 0.003). The effective hyaluronidase 
activity was higher in healthy volunteers compared with patients with septic 
shock (day 1 and 4, p < 0.001) and patients with pancreatitis (day 1 and day 
4, p < 0.001). Effective hyaluronidase activity was similar for patients with 
septic shock and pancreatitis at day 1 (p = 0.54) but not at day 4 (p = 0.002). 
Endogenous plasma hyaluronidase inhibition was lower in healthy 
volunteers than in patients with septic shock day 1 and day 4 (p = 0.027 and 
p < 0.001 respectively) and patients with pancreatitis at day 4 (p = 0.017), 
but not day 1 (p = 0.542). 
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Figure 9a-c. Clinical experiments. Boxplots showing (a) plasma hyaluronan 
concentration, (b) effective plasma hyaluronidase (HYAL) activity and (c) 
endogenous plasma hyaluronidase (HYAL) inhibition for healthy volunteers (C 
controls, n= 20), patients with septic shock (sepsis day 1 [S1] and day 4 [S4], n=17), 
and patients with pancreatitis (pancreatitis day 1 [P1] and day 4 [P4], n=7; Mann-
Whitney U test. 

Study II 
In the feasibility study, injection of the predetermined concentration of 
hyaluronan led to a corresponding increase in plasma hyaluronan levels 
(Figure 10a), with an average of 73% ± 13.5% of the target concentration 
being achieved. The decline in plasma hyaluronan concentration after 
incremental injections of hyaluronan injections followed a non-linear pattern 
(Figure 10b). 
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Figure 10a-b. Preclinical experiments. Scatter plot illustrates (a) injection of known 
concentration of hyaluronan plotted versus net increase of plasma hyaluronan 
concentration 3 minutes after injection (solid line = aimed concentration, dashed line 
= regression line for net increase of plasma hyaluronan; spearman’s rho = 0.946, n=15, 
p < 0.001), and (b) injection of known concentration of hyaluronan plotted versus 
plasma hyaluronan concentration decline per minute. 

The intravenous administration of incremental doses of hyaluronan up to a 
maximum of 6.5 mg/kg did not result in observable adverse reactions or major 
circulatory changes in MAP, CO or SVRI (Figure 11a, c, e) compared with 
equal volumes of 0.9% saline (Figure 11b, d, f). 
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Figure 11a-f. Boxplots illustrating circulatory changes in % compared with baseline 
values of MAP, CO, and SVRI after injection of 0.1% hyaluronan (n=3; figures a, c 
and e) or 0.9% saline (n=2; figures b, d and f). For each injection, baseline (T=0) and 
6 consecutive time points (green: T=5 minutes, grey: T=10 minutes, purple: T=15 
minutes, yellow: T=25 minutes, red: T=35 minutes, and blue: T=45 minutes) are 
shown (unpublished data). 

In the experimental peritonitis model, the plasma hyaluronan concentration 
increased over time in the peritonitis control group (peritonitis, no hyaluronan; 
Figure 12a). From time point S=6, plasma hyaluronan concentration was 
higher compared with baseline at all subsequent time points. In the peritonitis 
intervention group, injection (1 mg/kg) followed by continuous infusion (1 
mg/kg/h) of hyaluronan led to a median (IQR) plasma hyaluronan 
concentration of 12,280 (33,780), 9,060 (43,630) and 9,760 (49,020) ng/ml at 
S6, S12 and S18, respectively (Figure 12b). 
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Figure 12a-b. Boxplots for plasma hyaluronan concentration showing (a) the 
dynamics of plasma hyaluronan concentration in the peritonitis control group 
(peritonitis, no hyaluronan, n=8) for baseline compared with time point S=0, 6, 12 and 
18 (Friedman test with Wilcoxon signed-rank post hoc test), and (b) plasma 
hyaluronan concentration from baseline (BL) to time point S=18 for the peritonitis 
intervention group (peritonitis + hyaluronan, n=8; light grey) and peritonitis control 
group (n=8; dark grey), 

Two of the 16 animals (12.5%) died before the experimental endpoint (S=18) 
due to refractory septic shock, with one in the peritonitis intervention group 
(time point S=8) and one in the peritonitis control group (time point S=14). 
The protocolized criterion of circulatory instability (MAP <60 mmHg for >5 
min) was met at 3.8 ± 1.3h and 3.8 ± 1.6h in the intervention and peritonitis 
groups, respectively. All animals (100%) required noradrenaline during the 
experiment. The peritonitis intervention group and peritonitis control group 
did not differ in total weight gain, resuscitation fluid administered, or average 
noradrenaline dose (Table 1). Similarly, circulatory and respiratory 
parameters did not differ over time between the two groups. 
 
Table 1. Weight gain, resuscitation fluid and noradrenaline infusion. 

 Peritonitis 
intervention  

Peritonitis 
controls 

p-value 

Total weight gain  
(kg) 

12.5 (± 3.1) 14.0 kg (± 2.3) 0.328 

Average resuscitation fluid 
(ml/kg/h)  

17.5 (± 11) 19.0 (± 7) 0.442 

Average noradrenaline infusion 
(mcg/kg/min) 

1.2 (± 1.6) 1.0 (± 0.8) 0.721 

The inflammatory cytokines TNF-α, IL-6, IL-8 and IL-10 were increased at 
the onset of circulatory instability (S0; MAP <60 mmHg for >5 min) 
compared with baseline. No difference for the cytokines was found at any time 
point between the peritonitis intervention group and the peritonitis control 
group (Figure 13a-d). 
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Figure 13a-d. Boxplots for TNF-α, IL-6, IL-8, and IL-10 from baseline (BL) to time 
point S=18. All cytokines were significant increased at S=0 (circulatory instability) 
compared with baseline (BL) for both the peritonitis intervention group (peritonitis + 
hyaluronan, n=8; light grey) and the peritonitis control group (n=8; dark grey). 
*Baseline versus S=0, p < 0.05 (paired t test). 

The ratio of low-molecular-weight (LMW) hyaluronan and high-molecular-
weight (HMW) hyaluronan (defined in this analysis as <140 kDa and >2,200 
kDa, respectively) did not differ at baseline (p = 0.486). At S18, the peritonitis 
intervention group maintained a similar ratio compared with baseline (p = 
0.154), while the peritonitis control group showed an increased LMW/HMW 
hyaluronan ratio when compared with both baseline and the peritonitis 
intervention group (Figure 14). 
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Figure 14. Boxplot visualizing the ratio of low-molecular-weight (LMW) and high-
molecular-weight hyaluronan (HMW) at baseline and the experimental endpoint 
(S=18) for the peritonitis intervention group (peritonitis + hyaluronan, n=8; light grey) 
and peritonitis control group (n=8; dark grey). The peritonitis control group showed 
an increased LMW/HMW ratio compared with its baseline (Wilcoxon signed-rank 
test) and with the intervention group (Mann-Whitney U test). 

Study III 
All 20 animals survived the experimental endpoint (T=6). In both the 
peritonitis intervention group (peritonitis + hyaluronan, n=8) and the 
peritonitis control group (peritonitis, no hyaluronan, n=8), six of eight animals 
(75%) met the circulatory instability criterion (MAP <55 mmHg for >5 min) 
at time point T=6, with a median onset of 4.5h (IQR 1.7) and 4.6h (IQR 0.4), 
respectively. The total weight gain and the mean noradrenaline dose were 
equal in the peritonitis intervention and peritonitis control group (Table 2). 
 
Table 2. Weight gain and noradrenaline infusion. 

 Peritonitis 
intervention  

Peritonitis 
control  

p-value 

Total weight gain (kg) 1.8 (± 0.4) 1.8 kg (± 0.4) 1.0 
Average noradrenaline infusion 
(mcg/kg/min) 

0.42 (± 0.97) 0.37 (± 0.32) 0.589 

A clear divergence in plasma hyaluronan concentrations was observed 
between the groups with hyaluronan infusion and those without (Figure 15a). 
The hyaluronan concentration did not differ between the time control group 
(no peritonitis, no hyaluronan) and peritonitis control group (peritonitis, no 
hyaluronan, Figure 15b). 
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Figure 15a-b. Boxplots illustrating plasma hyaluronan concentration (a) from baseline 
(BL) to time point T=6 for the time control group (n=2; light grey), the time controls 
+ hyaluronan group (n=2; light grey + striped), the peritonitis control group (n=8; dark 
grey) and the intervention group (peritonitis + hyaluronan, n=8; dark grey + stiped) 
and (b) dynamics of hyaluronan from baseline to time point T=6 for time control group 
(n=2; light grey) and peritonitis (n=8; dark grey) without hyaluronan infusion. No 
difference was observed within the groups (Friedman test) or between the groups at 
each time point (Mann-Whitney U test) for plasma hyaluronan concentration. 

The four groups showed no difference in plasma concentration of VAP-1, 
syndecan-1 or heparan sulphate at time point T=6 (Figure 16a-c). Merging 
the four groups into two groups (i.e. all time controls combined [n=4] and 
all peritonitis combined [n=16]) did not show a significant difference either 
(syndecan-1, p = 0.06; unpublished data). The inflammatory parameters 
TNF-α and IL-6 differed between the four groups at time point T=6 
although no difference was found between the peritonitis groups with or 
without hyaluronan infusion (Figure 16d-f). A negative correlation was 
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observed between MAP and syndecan-1 but not for heparan sulphate or 
VAP-1 (Figure 17a-c). 

 
Figure 16a-f. Boxplots showing plasma concentration for (a) VAP-1, (b) syndecan-1, 
(c) heparan sulphate, (d) TNF-α, (e) IL-6 and (f) hyaluronan at time point T=6 for the 
intervention group (peritonitis + hyaluronan infusion, n=8), peritonitis control group 
(n=8), time control group (n=2) and time control group with hyaluronan infusion 
(n=2). No difference was found between the peritonitis groups with or without 
hyaluronan infusion (Kruskal-Wallis test with post hoc Mann-Whitney U test). 
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Figure 17a-c. Scatter plot showing MAP versus (a) syndecan-1, (b) VAP-1, and (c) 
heparan sulphate at time point T=6 (unpublished data). A negative correlation was 
observed between MAP and syndecan-1 (Spearman’s rho = -0.635, n=20, p = 0.003). 

Study I – III  
Merging data of Studies I, II and III showed a variation of plasma hyaluronan 
concentration at baseline (Figure 18) although different hyaluronan assays 
were used for Study I and Studies II and III. Plasma hyaluronan concentration 
appears to increase faster in a sepsis model with infusion of high dose of E. 
coli compared with the peritonitis model at time point T=6 and T=12. 
Separating the time controls from Studies I and III (no E. coli and no 
peritonitis) showed a trend in higher plasma hyaluronan concentration in those 
receiving a bolus Ringers’ acetate during preparation (Study I) then those who 
did not (Study III) (Figure 19). 
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Figure 18. Preclinical experiments. Boxplot illustrating plasma hyaluronan 
concentration for Studies I, II and III for baseline, 6, 12 and 18 hours. No statistical 
analysis performed due to multiple assays used for measuring plasma hyaluronan 
concentration and variation in definition of time points in protocols (unpublished 
data). 

 
Figure 19. Boxplot demonstrating plasma hyaluronan concentration in time controls 
of Study I (no E. coli, 20 ml/kg Ringers’ acetate bolus, n=6; light grey) and time 
controls of Study III (no peritonitis, no bolus Ringers’ acetate, n=2; dark grey) for time 
points 0, 6, and 12 hours (unpublished data). No difference was found at any time 
point (Mann-Whitney U test). 
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Study IV 
Patients with septic shock presented with heterogeneous clinical syndromes and had 
a variety of pathogens identified in blood cultures. (Table 3). Patient characteristics 
as well as relevant clinical parameters obtained at the time blood samples were 
collected are presented in Table 4 and Table 5. 

 

Table 3. Clinical presentation and blood cultures. 

Clinical presentation n Blood cultures n 
Soft tissue infection 6 Negative 5 
Endocarditis 1 Pseudomonas Aeruginosa 1 
Meningitis 1 Staphylococcus aureus 1 
Pneumonia 3 Staph.Aureus/Strep. Agalactiae 1 
Intra-abdominal infection 2 Staphylococcus sp. 1 
  Streptococcus pneumoniae 4 
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LC–MS/MS analysis of plasma samples of healthy volunteers, patients with 
septic shock and patients with pancreatitis resulted in a total of 663 unique 
proteins (Figure 20a-d). Application of the hyaluronan keyword-based search 
strategy on the 663 proteins resulted in 15 hyaluronan-related proteins. Of 
those 15 proteins, 11 were identified as differentially expressed between the 
groups while four did not (Figure 21). 

 
Figure 20a-d. Volcano plots for patients with septic shock at day 1 (a) and day 4 (b) 
and patients with pancreatitis at day 1 (c) and day 4 (d), both compared with healthy 
volunteers. Each dot represents one of the 663 unique proteins. The dashed line 
corresponds to a significance level of p = 0.05 and separates the differentially 
expressed proteins (all proteins above dashed line, black dots) from the non-
differentially expressed proteins (beneath dashed line, grey dots). Green dots 
represent the 15 hyaluronan related proteins (ANOVA with Benjamini-Hochberg 
correction and post hoc Tukey’s HSD test). 
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Figure 21. Boxplots showing the 15 identified hyaluronan-related proteins for healthy 
volunteers (C), patients with septic shock on day 1 (S1) and day 4 (S4), and patients 
with alcohol-related pancreatitis day 1 (P1) and day 4 (P4). The proteins LYVE-1, 
CLTC, HEXA and STAB1 were not differentially expressed at group level (ANOVA 
with Benjamini-Hochberg correction). Differences compared to the control group or 
between specific groups are indicated as * or brackets, respectively (Tukey’s HSD test). 

Pooled data showed a positive correlation between the endogenous plasma 
hyaluronidase inhibition from Study I and ITIH3 from the proteomic data in 
Study IV. No correlation was found for ITIH1, ITIH2 and ITIH4 (Figure 22). 
Subanalysis of the healthy volunteers, patients with septic shock (day 1) and 
patients with pancreatitis (day 1) showed a positive correlation in patients with 
septic shock between endogenous plasma hyaluronidase inhibition and both 
ITIH3 and ITIH4 (Table 6). 



 

 53 

 
Figure 22. Scatter plot visualizing the correlation or lack thereof between log2 relative 
protein abundance of ITIH1-4 (Study IV) and the endogenous hyaluronidase inhibition 
in plasma (Study I). Grey/squares represent healthy volunteers, green/circles represent 
patients with septic shock at day 1(filled) and day 4 (non-filled), and blue/diamonds 
represent patients with alcohol-related pancreatitis at day 1 (filled) and day 4 (non-
filled). A positive correlation was found between ITIH3 and endogenous 
hyaluronidase inhibition (Spearman’s rho = 0.517, n=58, p < 0.001). 
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Table 6. Subanalysis of correlation between ITIH 1-4 and endogenous plasma 
hyaluronidase inhibition 

Group ITIH1  ITIH2 ITIH3 ITIH4 
Control 0.667 0.762* 0.714* 0.108 
Sepsis day 1 0.462 -0.027 0.834** 0.879** 
Pancreatitis day 1 0.071 0.167 0.143 -0.333 
Spearman’s rank-order correlations between log2-fold change of ITIH 1-4 and 
endogenous plasma hyaluronidase inhibition (in %) for controls, patients with 
septic shock (day 1) and pancreatitis (day 1).  
* and **, correlation coefficient is significant at the 0.05 or 0.01 level, respectively. 

Distribution analysis of the 15 hyaluronan-related proteins across the Gene 
Ontology database identified 24 GO terms (minimum protein count ≥3 per 
term, p < 0.05; Figure 23). Pathway enrichment analysis was performed using 
the Reactome_2022 human pathway database and results were limited to the 
20 most significant pathways (Figure 24). 

 
Figure 23. Bar plot showing results of the functional enrichment analysis for 15 
hyaluronan-related proteins. The y-axis represents the 24 GO terms related to 
biological processes, metabolic functions, or cellular components with a minimum 
protein count of 3. The x-axis shows the number of hyaluronan-associated proteins 
enriched in each term. The colour gradient in the legend represents the adjusted p-
values for each bar. 
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Figure 24. Dot plot illustrating the Reactome pathway enrichment analysis for 15 
hyaluronan-related proteins, highlighting the top 20 most significant enriched 
pathways. The Y-axis represents the names of the enriched Reactome pathways, each 
followed by its stable identifier number. The X-axis shows the protein ratio, calculated 
as the number of hyaluronan-associated proteins divided by the total number of 
proteins in each specific pathway. The size of the dots corresponds to the number of 
hyaluronan-associated proteins within the specific pathway, allowing for comparison 
of pathway relevance. The colour gradient of the dots indicates the adjusted p-values. 
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Discussion 

Sepsis and septic shock are complex syndromes that are difficult to recognize, 
are associated with high morbidity and mortality, and are characterized by 
heterogeneous pathophysiology. Hyaluronan is a key component of multiple 
structures that are substantially affected during sepsis and septic shock. A 
deeper understanding of its role in sepsis and septic shock could enhance our 
knowledge of the pathophysiology and potentially contribute to the 
development of new therapeutic strategies. 

Our aim was to investigate how plasma hyaluronan, effective 
hyaluronidase activity, endogenous hyaluronidase inhibition, and other 
hyaluronan-related proteins behaved in septic shock. We further aimed to 
determine whether infusion of high‑molecular‑weight hyaluronan affects 
macro‑ and microcirculation, preserves the glycocalyx, and modulates 
inflammation during septic shock. This was carried out through a series of 
intervention studies using porcine sepsis models. To strengthen the relevance 
of our findings, we analysed samples from patients with septic shock 
(dysregulated immune response to infection) and patients with pancreatitis 
(sterile inflammation). 

Study I 
In Study I, we used a porcine sepsis model with intravenous infusion of E. coli 
to examine how plasma hyaluronan, effective hyaluronidase activity and 
endogenous hyaluronidase inhibition changed over time. The infusion of E. 
coli resulted in substantial circulatory and respiratory changes, including 
shock in 60% and a moderate ARDS in 50% of the experiments. The vital 
parameters of the control group were stable throughout the experiments, and 
no differences were observed between the two E. coli infusion groups. Plasma 
hyaluronan increased over time with a concomitant decrease of effective 
hyaluronidase activity and an increase of endogenous hyaluronidase 
inhibition. Similar findings were observed in plasma samples from patients 
with septic shock but not from patients with pancreatitis. Since the control 
group and the both E. coli groups in the porcine model exhibited similar 
changes in plasma hyaluronan, effective hyaluronidase activity and 
endogenous hyaluronidase inhibition, it appears that these alterations are not 
specifically related to E. coli infusion but may be influenced by other factors 
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such as general anaesthesia, surgical instrumentation, or fluid infusion. The 
decreased effective hyaluronidase activity in experimental and clinical septic 
shock as well as in pancreatitis suggests that plasma hyaluronidase does not 
act as a sheddase. 

Study II 
In Study II, we established a faecal peritonitis porcine model to study the effect 
of a high-molecular-weight hyaluronan injection followed by an infusion as 
an adjunct to resuscitation fluid, when administered at the onset of circulatory 
instability. 

Prior to the intervention study, we conducted a feasibility study to examine 
hemodynamic, kinetic and safety information after hyaluronan injection. 
Incremental injections of high‑molecular‑weight hyaluronan resulted in 
supraphysiological plasma concentrations but caused no circulatory changes, 
including no change in cardiac output. The simplified kinetics showed a non-
linear decline in plasma hyaluronan concentration. 

In the hyaluronan intervention study, all animals (100%) reached the criterion 
for circulatory instability (MAP <60 mmHg for >5 min) at a mean of 3.8 ± 1.3h 
after initiating peritonitis. The peritonitis intervention group (peritonitis + 
hyaluronan) and peritonitis control group did not differ in total weight gain, 
resuscitation fluid administered, or noradrenaline dose. No differences were 
found between both groups for respiratory and circulatory parameters, including 
lactate. Infusion of high-molecular-weight hyaluronan preserved the low-
molecular-weight/high-molecular-weight ratio in the peritonitis intervention 
group, whereas the ratio was increased in the peritonitis control group. Neither 
the preserved ratio nor the increased total hyaluronan concentration in the 
peritonitis intervention group resulted in lower plasma cytokine levels when 
compared with the peritonitis control group. 

Study III 
In Study III, the faecal peritonitis porcine model was used to investigate the 
impact of high-molecular-weight hyaluronan administered prior to circulatory 
instability. All time controls remained stable throughout the experiment. In 
contrast, in both the intervention group (peritonitis + hyaluronan) and 
peritonitis control group, 75% of animals developed circulatory instability 
(MAP <55 mmHg for >5 min, start of vasopressor) before the experimental 
endpoint. No difference was found in the time to onset of circulatory 
instability between the groups. Cardiac output was higher concomitantly with 
the infusion of hyaluronan in the intervention group. Lactate increased more 
over time in the intervention group compared with the peritonitis control 
group. Other circulatory and respiratory parameters, as well as arterial blood 
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gas analysis and total vasopressor load, did not differ between the groups. No 
additional fluids were given in accordance with the experimental protocol, 
resulting in similar weight gain between all groups. 

No differences were found in plasma hyaluronan concentration at any time 
point between the time control and peritonitis control group. At the 
experimental endpoint (T=6), syndecan-1 and heparan sulphate were 
comparable in all four groups while TNF-α and IL-6 were increased in the 
intervention and peritonitis control groups compared with the time control 
groups. High-molecular-weight hyaluronan did not affect TNF-α and IL-6 
concentrations between the intervention and peritonitis control groups. 

Study I-III 
The plasma hyaluronan concentration showed a different dynamic between 
Studies I, II and III. Plasma hyaluronan tended to increase faster in the E. coli 
model (Sepsis-2 group) compared with the peritonitis model (Studies II and 
III). Direct and continuous infusion of bacteria into the blood stream instead 
of the local faecal contamination may have contributed to this difference. 

Comparing the two peritonitis studies revealed an increase in plasma 
hyaluronan concentration at S=6 compared with baseline in Study II but not at 
T=6 in Study III. Notably, the time points are defined differently between the 
studies as in Study III T=6 was six hours after onset of peritonitis, whereas in 
Study II S=6 was six hours after the onset of circulatory instability, which 
occurred on average 3.8 hours after peritonitis onset. 

A single infusion of Staphylococcus aureus in a porcine sepsis model 
showed similar plasma hyaluronan dynamics to those in our studies [105]. 
Hyaluronan increased steadily during the experiment up to ~ 1000 ng/ml at 48 
hours, suggesting a stable continuous process behind the rise in hyaluronan 
rather than a rapid, transient process. The same study found a weak negative 
correlation between mean arterial pressure and hyaluronan. We did not 
perform a similar analysis. However, the presence of circulatory instability 
was lower in Study I (40% at T=6) compared with Study II (100% at S=6) and 
Study III (75% at T=6), while the hyaluronan concentration was the highest in 
Study I at that time point. This suggest that in our studies circulatory instability 
is not directly related to plasma hyaluronan concentration. 

Comparison of the time controls from Study I (no E. coli) and Study III (no 
peritonitis, no hyaluronan) showed no difference in plasma hyaluronan 
concentration at baseline or time point T=6. However, Study I showed a larger 
spread at time point T=6 and plasma hyaluronan continues to rise between 
T=6 and T=12. Although the preparation procedures slightly differed between 
the studies, the major difference between the time control groups was the 
administration of a Ringers’ acetate bolus (Study I, 20 ml/kg) and the lack 
thereof (Study III, no bolus). In a previous study, infusion of Ringers’ acetate 
of 15 ml/kg during 40 min resulted in an increased plasma hyaluronan 
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concentration in healthy volunteers [106]. The maximum concentration 
occurred 50 minutes after starting the infusion, after which it began to decline. 
It is unclear if the bolus infusion of Ringer’s acetate might have contributed 
to the increased plasma hyaluronan concentration at time points T=6 and T=12 
in Study I. 

Endothelial glycocalyx degradation is believed to be an early event in the 
pathophysiology of sepsis and septic shock, contributing to increased vascular 
permeability, tissue oedema, and impaired regulation of vasodilation [107]. 
Syndecan-1 and VAP-1, two surrogate markers for glycocalyx degradation, are 
both increased in patients with septic shock at admission to the intensive care 
unit [108]. In all experiments of Studies II and III, the circulatory instability 
occurred before any observed increase in plasma hyaluronan. In Study III there 
was no difference in syndecan-1, VAP-1 and heparan sulphate concentration 
between the 4 groups at time point T=6. When comparing two groups (i.e. time 
controls versus peritonitis), a trend was found with increased syndecan-1 in 
those with peritonitis at time point T=6. The absence of increased plasma 
hyaluronan, syndecan‑1, and VAP‑1 argues against glycocalyx degradation 
being a major contributing factor to shock in our studies. 

Interestingly, infusion of endotoxin in healthy volunteers resulted in 
decreased glycocalyx thickness and a rapid increase in plasma hyaluronan 
concentration [109]. Furthermore, syndecan-1 and heparan sulphate increased 
within one hour after E. coli infusion in a canine septic shock model [110], 
whereas no increase in syndecan-1 was observed after eight hours in a 
peritonitis septic shock model [111]. Inter-species differences or the 
route/mechanism of infection could explain these conflicting results and might 
even explain the more rapid increased in hyaluronan in Study I (E. coli 
infusion) compared with Studies II and III (peritonitis). 

To our knowledge, the possible effects of hyaluronan on the 
macrocirculation have not been previously studied. Injection of other drag-
reducing polymers showed increased cardiac output in vivo [46, 112, 113]. In 
Study II, injection of hyaluronan followed by an infusion did not affect cardiac 
output when compared with baseline or with the peritonitis control group (no 
hyaluronan). In Study III, a temporary increase in cardiac output was observed 
concomitantly with the hyaluronan infusion but diminished over time while 
hyaluronan concentration remained high throughout the remainder of the 
experiment. This may be explained by the relatively rapid breakdown of high-
molecular-weight hyaluronan and the consequent loss of its drag reducing 
properties once the infusion was stopped. However, in our feasibility 
experiments in Study II, injecting hyaluronan up to 12 mg/kg did not produce 
any observable circulatory changes, although the low number of experiments 
limits conclusions. 

Our studies provide limited data on possible effects of hyaluronan on the 
microcirculation. Other drag-reducing polymers reduced the need for fluid 
resuscitation, improved tissue perfusion and oxygenation, and improved 
survival in preclinical models [47–51]. Lactate, a surrogate marker for tissue 
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perfusion and microcirculation in septic shock, did not differ between the 
intervention and peritonitis group in Study II while it increased in the 
intervention group in Study III. The supraphysiological plasma hyaluronan 
concentrations in Studies II and III did not reduce total fluid resuscitation or 
vasopressor load, suggesting they did not prevent vascular leakage. 

High-molecular-weight hyaluronan exhibits anti-inflammatory properties. 
In vivo rodent experiments with intraperitoneal injection of high-molecular-
weight hyaluronan demonstrated reduced cytokine expression [26, 114]. 
However, intravenous administration of high-molecular-weight hyaluronan in 
Studies II and III did not result in any observable differences in IL-6, IL-8, IL-
10 or TNF-α levels compared to the peritonitis control group. 

Study IV 
In Study IV we performed plasma proteomic analyses from patients with septic 
shock, pancreatitis and healthy volunteers. A total of 663 unique plasma 
proteins were detected and patients with septic shock displayed the most 
deranged plasma proteomic profile. Compared with healthy volunteers, 
patients with septic shock had 231 (34,8%) differentially expressed proteins 
at day 1, versus 83 (12,5%) in patients with alcohol-related pancreatitis. Gene 
Ontology and KEGG pathway enrichment analysis demonstrated, among 
others, a clear upregulation in acute-phase pathways and a downregulation of 
coagulation-related proteins. 

The keyword-based search strategy focused on hyaluronan identified 15 
hyaluronan-related proteins. In patients with septic shock, eight and six 
proteins were differentially expressed at day 1 and day 4, respectively, when 
compared with healthy volunteers. Six proteins changed significantly from 
day 1 to day 4 in patients with septic shock, indicating ongoing dynamic 
changes during the disease course. For patients with pancreatitis, three 
proteins at day 1 and one protein at day 4 were differentially expressed, when 
compared with healthy volunteers. 

Five of the 15 hyaluronan-related proteins, namely ITIH1, ITIH2, ITIH3, 
ITIH4 and AMBP, are essential components of the inter-alpha-inhibitor (IαI) 
family. Members of this family are formed by binding the light chain bikunin 
to heavy chains (ITIH1-6) and are known to inhibit a wide range of proteases. 
Binding of a single ITH3 to bikunin forms the pre-alpha-trypsin inhibitor, 
which is believed to be the primary inhibitor of plasma hyaluronidase [77]. 
The heavy chains ITIH1-3 interacts with hyaluronan, forming covalent bonds 
and stabilizing the extracellular matrix [115]. 

In our study, patients with septic shock showed increased plasma levels of 
ITIH3 while ITIH1, ITIH2, and ITIH4 were decreased. Total IαI-family 
protein levels have been reported to be decreased in patients with septic shock 
[79] and failure to recovery to normal plasma levels has been associated with 
higher mortality [80]. Although total levels of the IαI-family were not 
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measured in our study, the lower plasma levels of ITIH1, ITIH2, and ITIH4 
may reflect that finding. Also, patients with bacterial infection showed 
increased levels of ITIH3 and equal or lower ITIH1 and ITIH2, respectively 
[81], which is similar to our findings. Patients with pancreatitis showed a 
similar increase in plasma ITIH3 at day 1 compared with patients with septic 
shock. This suggested that the change might be related to inflammation rather 
than being directly caused by infection. In contrast, plasma hyaluronidase 
inhibition (Study I) was increased in patients with septic shock but not in those 
with pancreatitis. This indicates that ITIH3 alone cannot fully account for 
plasma hyaluronidase inhibition. 
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Conclusions 

Study I 
Plasma hyaluronan and endogenous hyaluronidase inhibition increased over 
time in all groups while effective hyaluronidase activity decreased. The 
increase in hyaluronan concentration was most pronounced in the Sepsis-2 
group. The presence of these alterations in all groups, including the control 
group, suggest that sepsis, as well as anaesthesia, surgical stimuli, or fluid 
infusion, may contribute to these findings. Clinical septic shock showed a 
similar pattern, whereas pancreatitis did not result in increased plasma 
hyaluronan concentration. The isolated increase of plasma hyaluronan in 
septic shock suggest that other factors then plasma hyaluronidase and 
endogenous hyaluronidase inhibition – such as increased production, altered 
lymph flow, reduced hepatic flow, or decreased enzymatic removal by the 
lymphatics and liver – may contribute. The lower plasma hyaluronidase 
activity in septic shock further suggest that it may not acts as a sheddase. 

Study II 
Injection of high-molecular-weight hyaluronan did not result in any major 
observable circulatory changes in either the feasibility or peritonitis 
experiments, calling into question the proposed drag-reducing effect of 
hyaluronan in vivo. The absence of any circulatory effects, together with the 
lack of difference in total resuscitation fluid administered or noradrenaline 
requirement, suggest that hyaluronan does not prevent vascular leakage. 
Infusion of high-molecular-weight hyaluronan resulted in supraphysiological 
plasma hyaluronan concentrations, thereby maintaining the low-molecular-
weight/high-molecular-weight ratio in plasma. The supraphysiological plasma 
concentrations and the maintained ratio did not alter levels of the 
inflammatory markers TNF-α, IL-6, IL-8, or IL-10. 

Study III 
Infusion of hyaluronan during the early phase of peritonitis did not delay onset 
of septic shock. Both groups had similar noradrenaline requirements and 
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circulatory parameters, with only a transient increase in cardiac output 
observed during the hyaluronan infusion. The surrogate markers for 
glycocalyx degradation – syndecan-1, heparan sulphate, and VAP-1 – did not 
increase during the first six hours of peritonitis, despite the development of 
septic shock. This suggest that mechanisms other than glycocalyx shedding 
may be responsible for the vascular leakage and vasodilation observed in the 
early phase of septic shock in our study. 

Study IV 
The plasma proteomic analysis revealed 663 unique proteins. More than one 
third (34.8%) of these proteins were either up- or downregulated in patients with 
septic shock at admission to the intensive care unit. This highlights the 
substantial complexity of the pathophysiology of septic shock. The 15 
hyaluronan-related proteins are present in several pathways and biological 
processes, indicating that hyaluronan and its related proteins may play an 
important role in septic shock. Multiple components of the IαI-family are altered 
in our data. The pre-alpha-trypsin inhibitor (bikunin + ITIH3) is considered to 
be the endogenous hyaluronidase inhibitor in plasma. ITIH3 was increased in 
both patients with septic shock and patients with pancreatitis, and correlated 
with endogenous hyaluronidase inhibition measured in Study I. The absence of 
increased endogenous hyaluronidase inhibition in patients with pancreatitis 
suggest that changes in ITIH3 alone do not fully explain this finding. 
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Perspectives and Future Research 

An initial infection is treatable with appropriate antibiotics, which has been 
one of the major advancements of modern healthcare. However, progression 
from infection to a dysregulated state of the host immune system makes sepsis 
and septic shock challenging for clinicians and researchers. The dynamics of 
hyperinflammation and immunosuppression, which occur in parallel and vary 
over time, result in a heterogeneous clinical course that complicates treatment. 
This challenge has been clear over recent decades where many promising 
single‑molecule adjuvant therapies were developed, but clinical trials have 
failed to show reduced mortality and therefore questioning the “one size fits 
all” strategies [116]. 

Our proteomic data highlights the complexity of septic shock. More than 
one third of all measured plasma proteins were significant up- or 
downregulated at admission to the intensive care unit when compared with 
healthy volunteers. Simply blocking or substituting a single protein is unlikely 
to alter the trajectory of sepsis and septic shock, just as removing one bird will 
not change a flock’s course. 

The heterogeneity of sepsis and septic shock suggests that future treatment 
should be based on tailored immunomodulation timed to the patient’s immune 
state, combined with pathogen‑directed therapy and supportive care. 
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Populärvetenskaplig sammanfattning 
(summary in Swedish) 

Sepsis (tidigare kallad blodförgiftning) och septisk chock är ett syndrom där 
en infektion i kroppen leder till en felreglerad reaktion från immunförsvaret. 
Sepsis kan orsaka livshotande dysfunktion i viktiga organ såsom lungor, 
njurar, hjärta och kärl. Dessa organ kan bli påverkade och behöva stöd i form 
av respirator, dialys, och vätsketillförsel samt kraftiga läkemedel för att 
upprätthålla en adekvat cirkulation. Patienter som drabbats av sepsis behöver 
ibland intensivvård och har en hög risk att inte överleva. Septisk chock är en 
undergrupp av sepsis där de cirkulatoriska förändringarna är så uttalade att 
mortalitetsrisken är betydligt förhöjd. 

Sepsis och septisk chock kan ge en otydlig klinisk bild med diffusa symtom 
och avvikande fynd i blodprover. En internationell arbetsgrupp har, baserad 
på forskning, utvecklat definitioner och diagnostiska kriterier (Sepsis-3) för 
att hjälpa sjukvårdpersonal att upptäcka sepsis och septisk chock tidigt. 
Parallellt har ett globalt initiativ (Surviving Sepsis Campaign) strukturerat 
evidensbaserad behandling för sepsis och septisk chock. Behandlingen 
omfattar tidigt insättning av antimikrobiell behandling mot ett brett spektrum 
av bakterier och organstödjande åtgärder som nämnts ovan. Trots omfattande 
forskning och kliniska studier saknas för närvarande en specifik behandling 
för septisk chock. Detta belyser hur viktig ny kunskap om 
sepsispatofysiologin och därmed eventuella nya behandlingsmöjligheter är. 

Hyaluronan (hyaluronsyra) är en lång, mångsidig molekyl som finns i 
kroppen och kan påverka flera biologiska processer som sker vid septisk 
chock. Den kommersiella användningen av hyaluronan är mest känd inom 
hudvård tack vare dess fuktbindande egenskap. Det är oklart om man kan 
utnyttja denna egenskap genom att höja nivåerna av hyaluronan i blodet för 
att bevara vätska i blodbanan hos en sepsispatient. Forskning visar att små 
mängder hyaluronanmolekyler kan påverka cirkulationen i såväl stora kärl 
som små kapillärer men det är oklart om samma gäller vid septisk chock. 
Dessutom är hyaluronan i kroppen viktigt för att bibehålla stabilitet i den 
extracellulära miljön och kan påverka inflammationssvaret beroende på 
molekylens längd. Även här är det oklart vilka effekter administrering av 
hyaluronan i blodbanan ger, eller om andra hyaluronanrelaterade proteiner 
påverkas vid septisk chock. 
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Det övergripande syftet med denna avhandling var att skapa en bättre 
förståelse för den komplexa patofysiologin vid sepsis och septisk chock samt 
att undersöka nya möjliga behandlingsmetoder. Det primära syftet var att 
analysera hur hyaluronan, hyaluronidasaktivitet (enzymer som bryter ner 
hyaluronan), endogen hyaluronidashämning (kroppens egen hämning av 
hyaluronidas) och andra hyaluronanrelaterade proteiner förändras vid septisk 
chock. Det sekundära syftet var att undersöka om tillförsel av hyaluronan 1) 
kan bidra till att bibehålla vätska i blodbanan och därmed minska behovet av 
vätsketillförsel, 2) kan stabilisera glykokalyx, cellens yta som är i direkt 
kontakt med blodet och 3) kan påverka inflammationssvaret. 

Studie I analyserade plasmaprov för hyaluronan, hyaluronidasaktivitet och 
endogen hyaluronidashämning från experimentell och klinisk septisk chock 
samt akut alkoholutlöst pankreatit. Både experimentell och klinisk septisk 
chock visade högre plasmakoncentration av hyaluronan, ökad hämning av 
hyaluronidas samt lägre hyaluronidasaktivitet. 

Studie II utredde eventuella effekten av högmolekylärt hyaluronan i 
blodbanan som kompletterande terapi till vätskebehandling vid septisk chock 
i en experimentell chockmodell. En injektion följd av en infusion av 
hyaluronan bidrog inte till att bevara vätska i blodbanan. 
Inflammationsmarkörer visade ingen skillnad jämfört med kontrollgruppen, 
vilket antyder att hyaluronan inte påverkade inflammationen. 

Studie III undersökte om högre plasmakoncentrationer av hyaluronan i en 
experimentell chockmodell bevarar vätska i blodbanan. Infusion av större 
mängder hyaluronan i ett tidigt skede när septisk chock inducerades ledde inte 
till minskat vaskulärt läckage. Markörer för glykokalyxskada visade ingen 
skillnad jämfört med kontrollgruppen, vilket ger anledning att misstänka att 
hyaluronan inte skyddar glykokalyx. 

Studie IV analyserade plasmaprov från patienter med septisk chock, 
alkoholutlöst pankreatit och friska frivilliga med hjälp av vätskekromatografi-
masspektrometri. Av 663 identifierade proteiner var 15 hyaluronanrelaterade, 
och septisk chock visade en mer uttalad påverkan än pankreatit. En medlem 
av inter-alfa-hämmare familjen, en proteingrupp och sannolik plasma 
hyaluronidashämmare, var förhöjt och korrelerade med hyaluronidas-
hämningen från Studie I. 

Sammanfattningsvis visades att plasmakoncentratrationen av hyaluronan och 
hämningen av hyaluronidas ökar, samtidigt som hyaluronidasaktivitet 
minskar vid septisk chock. Vid septisk chock var även flera 
hyaluronanrelaterade proteiner förändrade jämfört med pankreatit, vilket 
tyder på en komplex interaktion mellan dessa proteiner vid septisk chocks 
patofysiologi. Hyaluronan som kompletterande terapi behåller inte vätska i 
blodbanan i experimentella septiska chockmodeller. Dessutom påvisades inga 
skillnader i plasmanivåer av markörer för systemisk inflammation eller för 
glykokalyxskada. 
  



 

 67 

Nederlandse samenvatting (summary in 
Dutch) 

Sepsis (ook wel bloedvergiftiging genoemd) is een aandoening waarbij een 
infectie in het lichaam leidt tot een ontregeld immuunsysteem dat 
levensbedreigende schade aan organen veroorzaakt. Belangrijke organen 
zoals de longen, nieren, het hart en de bloedvaten kunnen aangetast raken en 
hebben ondersteuning nodig, bijvoorbeeld via beademing, dialyse, 
vochttoediening en krachtige medicijnen om de bloedcirculatie op peil te 
houden. Patiënten met sepsis moeten soms op de intensive care behandeld 
worden en hebben een hoog risico om te overlijden. Septische shock is een 
vorm van sepsis waarbij de circulatie zo ernstig verstoord is dat het 
sterfterisico verhoogd is. 

Sepsis en septische shock geven vaak een onduidelijk klinisch beeld, wat 
de herkenning ervan bemoeilijkt. Een internationale werkgroep heeft op basis 
van onderzoek definities en diagnostische criteria (Sepsis‑3 criteria) opgesteld 
om zorgverleners te helpen sepsis en septische shock vroegtijdig te herkennen. 
Tegelijkertijd heeft een wereldwijd initiatief (Surviving Sepsis Campaign) 
evidence‑based richtlijnen voor sepsis en septische shock uitgewerkt. Deze 
richtlijnen omvatten vroegtijdige behandeling met antibiotica en orgaan 
ondersteunende middelen zoals eerder genoemd. Ondanks veel onderzoek en 
klinische studies bestaat er momenteel geen specifieke behandeling voor 
septische shock. Dit benadrukt hoe belangrijk nieuwe kennis over de 
pathofysiologie van septische shock is, en daarnaast het belang van onderzoek 
naar mogelijke nieuwe behandelmethodes. 

Hyaluronan (hyaluronzuur) is een lang, veelzijdig molecuul dat in het 
lichaam voor komt en verschillende biologische processen kan beïnvloeden 
die zijn aangetast tijdens septische shock. Commercieel wordt hyaluronan 
vooral gebruikt in huidverzorging vanwege het vermogen om vocht vast te 
houden. Het is onduidelijk of dit effect therapeutische benut kan worden door 
het hyaluronan-niveau in de bloedbaan te verhogen en zo vocht in de circulatie 
te behouden. Onderzoek toont aan dat kleine hoeveelheden van lange 
hyaluronan moleculen de circulatie in zowel grote bloedvaten als kleine 
haarvaten kunnen beïnvloeden, maar het is onduidelijk of dit ook geldt bij 
septische shock. Daarnaast helpt hyaluronan in het lichaam de stabiliteit van 
de extracellulaire omgeving te behouden en kan het, afhankelijk van de lengte 
van het molecuul, de ontstekingsreactie beïnvloeden. Ook hier is onduidelijk 
welke mogelijke effecten het toedienen van hyaluronan heeft. 
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Het overkoepelende doel van dit proefschrift was om inzicht te krijgen in 
de complexe pathofysiologie van sepsis en septische shock en om nieuwe 
behandelmethodes te onderzoeken. Het primaire doel was om te bestuderen 
hoe hyaluronan, hyaluronidase-activiteit (het enzym dat hyaluronan afbreekt), 
hyaluronidase-inhibitie (de lichaamseigen remming van hyaluronidase), en 
andere hyaluronan‑gerelateerde proteïnen veranderen tijdens septische shock. 
Het secundaire doel was om te onderzoeken of toediening van hyaluronan kan 
helpen om 1) vocht in de bloedbaan te behouden, 2) het celoppervlak dat direct 
met het bloed in contact staat (glycocalyx) te beschermen, en 3) de 
ontstekingsreactie te beïnvloeden. 

Studie I analyseerde hyaluronan, hyaluronidase-activiteit en de 
hyaluronidase-inhibitie in plasma van een experimenteel septisch 
shockmodel, en patiënten met septische shock en acute alvleesklierontsteking 
(pancreatitis). Zowel bij de experimentele als klinische septische shock waren 
de plasmaconcentraties van hyaluronan en hyaluronidase-inhibitie verhoogd 
terwijl de hyaluronidase activiteit verminderd was. 

Studie II onderzocht of toediening van hoogmoleculair hyaluronan als 
aanvulling op de standaard vochtbehandeling voordeel geeft in een 
experimenteel shockmodel. Injectie gevolgd door een infusie van hyaluronan 
had geen effect op het behouden van vocht in de bloedbaan. 
Ontstekingsmarkers toonden geen verschil met de controlegroep, wat 
suggereert dat hyaluronan de ontstekingsreactie niet beïnvloedde. 

Studie III testte of hogere plasmaconcentraties van hyaluronan in een 
experimenteel shockmodel vocht in de bloedbaan kon behouden. Infusie van 
grotere hoeveelheden hoogmoleculair hyaluronan in het vroege stadium van 
septische shock verminderde vasculaire lekkage niet. Markers voor schade aan 
de glycocalyx lieten geen verschil zien vergeleken met de controlegroep, wat 
erop wijst dat hyaluronan de glycocalyx waarschijnlijk niet beschermt. 

Studie IV analyseerde plasma van patiënten met septische shock, 
pancreatitis en gezonde vrijwilligers op een breed scala van proteïnen. Van 
663 geïdentificeerde proteïnen waren 15 gerelateerd aan hyaluronan. 
Patiënten met septische shock toonde een meer uitgesproken verandering. Een 
lid van de inter-alfa-inhibitie familie, een groep proteïnen en waarschijnlijk de 
belangrijkste plasma hyaluronidase remmer, was verhoogd en correleerde met 
de hyaluronidase inhibitie in plasma die in Studie I werd gevonden. 

Conclusie: tijdens septische shock neemt de plasmaconcentratie van 
hyaluronan en de remming van hyaluronidase toe terwijl de hyaluronidase-
activiteit afneemt. Bovendien zijn meerdere hyaluronan‑gerelateerde 
proteïnen veranderd vergeleken met pancreatitis, wat wijst op een complexe 
interactie tussen deze proteïnen in de pathofysiologie van septische shock. 
Hyaluronan als aanvullende therapie behoudt in experimentele septische 
shockmodellen geen vocht in de bloedbaan. Daarnaast werden geen 
verschillen gevonden in de plasmaconcentraties van markers voor 
systemische ontsteking of voor glycocalyx-schade. 
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