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1. Introduction

1.1 Inflammation and Sepsis
Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to

infection (Singeretal., 2016) and is associated with a high morbidity and mortality. The occurrence is
not limited to low-and middle-income countries. Millions of people are also affected in high-income
countries —and in some of them, the rate of sepsis continues to rise. In 2017, more than 49 million
sepsis cases occurred worldwide, causingabout 11 million deaths (Rudd et al., 2020). In recentyears,
the definition of sepsis has undergone few modifications, owed to the lack of specificand quick
diagnostictools and a quite non-specific clinical presentation. Although sepsis is caused by an infection,
the dysregulated generalized host response ultimately results in severe multi-organ dysfunction and
death (Singeretal., 2016). The underlying pathophysiological mechanisms have not been fully clarified

yet; however, the innate immune system seems to control the initial phase of the disease.

Systemicinflammatory response syndrome (SIRS) is an overstated defense response of the organism
to a harmful stressor (e.g., infection, trauma, surgery, acute inflammation, ischemia/reperfusion, or
malignancy) to localize and then to abolish the endogenous or exogenous source of the insult. It
involves the release of acute-phase proteins, which directly mediate far-reaching autonomic,
endocrine, hematological, and immunological changes in the patient (Chakraborty and Burns, 2023).
Even though the purpose is defensive, the dysregulated immune response can cause a massive
inflammatory cascade leading to reversible or irreversible e nd-organ dysfunction and even death
(Bone et al., 1992). SIRS with a suspected source of infection is called sepsis, and hemodynamic
instability despite intravascular volume administration is referred to as septic shock. Together they
representa physiological process with anincreasingly deteriorating balance between the body's pro-

inflammatory and anti-inflammatory responses (Chakraborty and Burns, 2023).

At a molecular level, the etiopathogenesis broadly divides into unspecific and highly conserved
antigens, so-called pathogen associated molecular pattern (PAMPs), (Ritthaleretal., 1995, Weigand et
al., 2004, Carré and Singer, 2008, Hotchkiss and Karl, 2003, Jalbout et al., 2007) and damage associated
molecular patterns (DAMPs), which are associated with components of host cells that are released
during cell damage ordeath (Kumaretal.,2011). Both are recognized by pattern recognition receptors
(PRR) on immune and endothelial cells and thereby trigger a diversified stress response. PAMPs
comprise bacterial cell wall components such as lipopolysaccharides (LPS) or peptidoglycans (PGN)and
lead to degranulation, phagocytosis, upregulation of adhesion molecules, release of pro-inflammatory

cytokines, and activation of complement pathways, ultimately causing a procoagulant state (Ritthaler
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et al., 1995, Weigand et al., 2004, Carré and Singer, 2008, Hotchkiss and Karl, 2003, Jalbout et al.,
2007).

In addition, many metabolic changes occur as a result of inflammation, which lead to the release of
reactive oxygen (ROS, e.g. superoxide) and nitrogen (RNS; e.g. nitricoxide) species. Reactive carbonyl
species (RCS) are another crucial group of highly reactive metabolites (Lide, 2005) that have not yet
been adequately studiedin the context of sepsis. However, RCS could contribute massivelyto the
changestriggered by the infection. Usually, the inflammatory responseis limited to the infection and
responds with a balanced production and elimination of cytokines and free radicals (Gutteridge and
Mitchell, 1999). In the case of sepsis, the physiological conditions become enormously imbalanced.
This often leads to a hyperdynamic cardiovascular situation, fever, and a changed number of white

blood cells (Hotchkiss and Karl, 2003, Levy etal., 2003).

Roger Bone outlined a sepsis cascade beginning with SIRS and progressing to multiple organ
dysfunction syndrome (MODS) unless counteracted by acompensatory anti-inflammatory response or
alleviation of the primary causative etiology (Bone etal., 1997). This compensatory anti-inflammatory
response syndrome (CARS) is triggered shortly after the onset of sepsis (Preiseretal., 2014). The goal
of these reactions is to restore homeostasis after systemic inflammation by downregulation of the
immune system. Otherwise, early deaths from the acute hyperinflammatory phase of sepsis often
occur (Singeretal., 2016). Sepsisis asystemiccondition, virtually affecting all organs and tissues, with
the endothelium being one of the first to be attacked and to respond to the insult. In sepsis, the
endothelial cells (EC) have two evidentroles: oneisto amplify the immune response and the otheris
the activation of the coagulation system. The activation, but also a dysfunction of the endothelium
fundamentally contributes to an end organ damage in sepsis. Moreover, the endothelium provides not
onlya connection betweenthe local and systemicimmune responses butisalso a target as well as a
source of inflammation at the same time (Hack and Zeerleder, 2001). When being stimulated, EC
produce vasoactive composites, inflammatory cytokines as well as chemoattractants and express
adhesion molecules, consequently switching from an anticoagulant to a procoagulant state. Local
endothelial activationis needed tofight the source of infection,however systemicactivation resultsin
microvascularthrombosis, capillary leak, hypotension, hypoxiaand finallyin tissue damage (Reinhart

et al., 2002).
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1.2 Endothelium and pathogen —initial action

When there is an injury that allows a pathogen to enter the bloodstream, there is generalized
inflammation from exposure to bacterial components and tissue breakdown products. Not only the
immune cells provide a sufficient response to the insult, but also the endothelium is activated and
directs as well as modulates the inflammatoryresponse (Hack and Zeerleder, 2001). During the course
of severe inflammation, as seen in sepsis, the pathogen leads to activation of the inflammatory
cascade, resulting in a cytokine storm. Cytokines include interleukins (IL), chemokines, interferons,
tumor necrosis factor (TNF), as well as growth factors (Stober et al., 2019), which are produced and
released mainly by immune cells (Dinarello, 2007). Infection will ultimately activate the cytokine
system, which consists of pro-inflammatory and anti-inflammatory cytokines. The equilibrium
between these counter-regulatory pathways ultimately determines the inflammatory activity of the
cytokine system (Fig.1). In both, inflammatory cells and ECs respond to cytokines or bacterial cell wall
components (LPS). Nuclear factor-kB (NF-kB) plays a crucial role in the cell (both inflammatory cells
and ECs) (Li et al., 1997). A complex is formed by LPS with LPS-binding protein (LBP), Myeloid
Differentiation factor 2 (MD-2), toll-like receptor 4 (TLR4), and cluster of differentiation (CD) 14, which
furtherinitiates anintracellular signaling cascade (Kuzmich etal., 2017). The pathways can be roughly
divided into two competitive cascades: TLR4/ toll-interleukin-1 receptor (TIR)-domain-containing
adapter-inducing interferon-p (TRIF)/ interferon regulatory factor 3 (IRF3) and TLR4/ myeloid
differentiation primary response 88 (MyD88)/NF-«B. The TLR4/TRIF/IRF3 cascade involves activation
of TRIF, internalization of the TLR4/TRIF complex within endosomes and subsequent activation of
interferon regulatory transcription factor-3 (IRF3) and interferon production. Simultaneously, the
activation of the TLR4/MyD88/NF-kB cascade leads to phosphorylation of MyD88 and interleukin-1
receptor-associated kinases 1 and 4 (IRAK1 and IRAK4). IRAKs in turn phosphorylate TNF receptor-
associated factor 6 (TRAF6), that forwards the degradation of inhibitor of NF-kB (IKB) and nuclear
translocation of NF-kB. TRAF6 also activates mitogen-activated protein kinases (MAPKs), finally
resultingin the activation of activator protein-1(AP-1) (Kuzmich etal., 2017). Inflammatory cytokines,
like TNF, can activate similar pathways resulting in nuclear translocation of NF-kB, further increasing
cytokine production (Wu et al.,, 2016). Activation of NF-kB can result in nucleotide-binding
oligomerization domain (NOD)-like receptor containingpyrin domain 3 (NLRP3), prolL-1betaand proll-
18 expression. NLRP3 senses different PAMPs and DAMPs, which induce the assembly of the NLRP3
inflammasome, activating Caspase-1 followed by the cleavage of the pro-inflammatory cytokines
prolL-1beta and -18. Subsequent secretion of the mature and active cytokines induces inflammation
(Hennig et al., 2018). As noted above, LPS exerts its effects on endothelial cells via binding to TLR4;
thus, intervening in LPS binding to TLR4 as well as targeting the downstream signaling pathways are

potential treatment strategies for Gram-negative sepsis (Ding and Liu, 2019). While designed to be
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protective by its nature, in cases when the stimulus becomes overwhelming, the TLR4 pathway can
contribute to the pathologic downward spiral of sepsis. However, the immunoinflammatory and the
neuroendocrine stress responses lead coordinately to profound metabolic changes during sepsis

(Preiseretal., 2014), affecting the vascular system.

Endothelial
cell

Immune
cells

Chemokines l
\ ) l Adhesion
1) Bacteria! 7) molecules
Livtlsles Py _‘
LPS ¢, o - \
. 7 9

Created in BioRender.com bio

Figure 1: Inflammatory cascade in sepsis

1) Bacterial components activate both immune and endothelial cells inducing cytokine production, which is self-perpetuating
2) Endothelial cells become activated and express adhesion molecules, to which immune cells bind. 3) This initiates the process of
transmigrationofimmunecellsto the site ofinjury. 4) ROS secreted by immune and endothelial cells further augment the inflammatory
response.5) The combination of theseinsults leads to a shedding of the glycocalyx, induction of adhesion molecules, increased endothelial
permeability, and endothelial apoptosis. 6) Chemokines secreted by immune and endo thelial cells recruitimmune cells from the bone
marrow. 7) The shift inthe eNOS/iNOS balance results in excess NO synthesis and vasodilation. Abbreviations: ROS: reactive oxygen species;
RNS: reactive nitrogen species; NO: nitric oxide; LPS: lipopolysaccharide. Adapted from: Dolmatova, E. V., Wang, K., Mandavilli, R, &
Griendling, K. K. (2021). The effects of sepsis on endothelium and clinical implications. Cardiovascular research, 117(1), 60-73.
https://doi.org/10.1093/cvr/cvaa070. Created with biorender.com

1.3 Neuroendocrine aspects of sepsis
During sepsis a variety of stress associated hormones like cortisol, epinephrine, norepinephrine, and

vasopressin are inevitably released in addition to both insulin and glucagon (Carré and Singer, 2008,
Hotchkiss and Karl, 2003, Jalbout et al., 2007). This response iscontrolled by the hypothalamic-pituitary
axis and the sympathetic nervous system (Preiser et al., 2014). The first phase of sepsisis often
characterized by a hyper-hemodynamicstate. Furthermore, the excessive release of stress hormones

also leads to substantial changes in the metabolic state. Epinephrine and norepinephrine induce

13



hepaticgluconeogenesis, glycogenolysis and glycolysis (Dungan et al., 2009). This hyperglycemicstate
is evenworsened by an additional cortisol release (e.g. due to inflammatory mediators like TNF, IL-1,
IL-6 and C-reactive protein (CRP)), which stimulates hepatic gluconeogenesis and induces insulin

resistance (Dunganetal., 2009, Marik and Bellomo, 2013).

1.4 Metabolic aspects of sepsis
As aforementioned, sepsis as well as septic shock result from infection, neuroendocrine as well as

metabolic changes, or abnormalities. The combined immunoinflammatory and neuroendocrine
responses to an infection lead to an apparent catabolic state, which is accompanied by insulin
resistance. Consequently, hyperglycemiaisafrequent observationin sepsis (Dungan etal., 2009, Marik
and Raghavan, 2004, Marik and Bellomo, 2013) and associated with a higher mortality and morbidity
in criticallyill patients (Krinsley, 2003, Capes et al., 2000, Gale et al., 2007, Langley and Adams, 2007,
Wiener et al., 2008). A possible explanation for that could be the impaired glucose usage of
mitochondria during systemicinflammation (Fink, 2001, Fink, 2015). This might be due to the fact that
the electron transport chain is uncoupled or altered during systemic inflammation (Fink, 2015),
resulting in a greater dependence on glycolysis for the energy supply. In comparison to oxidative
phosphorylation, glycolysis is much less effective in producing adenosine triphosphate (ATP),
accounting for the temporarily large demands for glucose consumed to cover the energy amounts.
Alongside, the glucose supplyinsepsisis furtherimpeded by a deranged microcirculation (Dungan et
al., 2009, Marik and Bellomo, 2013, Losser et al., 2010). This metabolic switch seems to have high
importance within the immune responses (O'Neill et al., 2016) of all activated immune cells. First
describedintumorcells (Warburg, 1924), the concept of the so called ,Warburg effect” was expanded
to include immune cells as well (Rodriguez-Prados et al., 2010, Krawczyk et al., 2010, Doughty et al.,
2006, Michaleketal., 2011, Donnellyetal., 2014, Palsson-McDermott and O'Neill, 2013). With regard
to ATP production, glycolysis providesimportant coenzymes and intermediate products essential for
cell growth, proliferation and cytokine assembly. Further, enhanced glycolysis is closely linked to an
upregulation ofthe pentose phosphate pathway, whichsupplies not only nucleotideintermediates but
also nicotinamide adenine dinucleotide phosphate (NADPH), which is required for the so-called
respiratory burst. Besidesitsrole inactivated immune cells to adapt to particular energy demands of
the target tissues, glycolysis appears to be involved in additional cell lineage -specific signaling
pathways that promote inflammation and immune cell differentiation (O'Neill et al., 2016). For
example, hexokinase, the rate limiting enzyme of glycolysis has been demonstrated to be an activator
of the NLRP3 inflammasome in macrophages, which in turn regulates caspase-1 (Moon et al., 2015).

Caspase-1then produces IL-1beta, IL-18 and can induce pyroptosis. Also, in T cells, another crosslink
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between glucose metabolism, inflammatory condition and phenotype was demonstrated (Jha et al,,
2015, Gerriets et al., 2015, Beier et al., 2015). Inhibition of glycolysis has been shown to induce the
conversion of T helper 17 (TH17) cells to regulatory T (Treg) cells (Shi et al., 2011). From one
perspective, hyperglycemiaseems to provide the energy supply in systemicinflammation and enables
the immune system to access a proinflammatory state respectively to exert its delegated functions.
From the other perspective, when systemicinflammation becomes dysregulated, it can eventually
become a vicious cycle that leads to damage to endothelial cells, dysfunction of multiple organs, and

eventual death (Marik and Bellomo, 2013).

1.5 Endothelium in sepsis
Immune cellsand the endothelium are influential interactors during sepsis and endothelial cell damage

accounts for much of the pathology in septic shock. The endothelial barrier is highly selective and
fundamental to preserve the fluid balance in the tissue and to sustain normal organ function (Kasa et
al., 2015). During sepsisthe endotheliumis characterized by increased permeability oraloss of barrier
function, which possiblyleadto ashiftin the circulating elements and tissue edema (Ferro etal., 2000).
Vascular endothelial (VE)-cadherin is the main component of the endothelial adherens junctions.
These are tightly regulated protein complexesthat connect neighbouring ECs and prevent leukocyte
migration and vascular leakage. Inflammatory mediators lead to distinct suppressive and activating
cascades (Allingham et al., 2007), resulting in phosphorylation of VE-cadherin, dissociation from
catenin and induction of its own endocytosis (Radeva and Waschke, 2018). This self-propelled
endocytosis of VE-cadherin alone is capable of triggering gap formation between ECs, ultimately
leadingto ahigher permeability (Lee and Slutsky, 2010). Likewise, to adherent junctions, the disruption
of endothelial tight junctions (TJ) has been reportedas well insepsis, along with a decrease of occludin
and zonula-occludens-1(TJ protein1;Z0O-1) protein levels (Heetal., 2018, Ni etal., 2019). As described
before, TNF is one of the central cytokines in sepsis and leads to disturbance of claudin 5 at cell—cell
junctions of ECs through the NF-kB cascade (Clark et al., 2015).

The endothelial glycocalyx is a critical regulator of the endothelial barrier integrity during sepsis.
Positioned between the vessel wall and the blood, the endothelial glycocalyx is built up from a
membrane-bound negatively charged network of proteoglycans, glycoproteins, glycolipids,
glycosaminoglycans (i.e. heparan sulphate), and adherent plasma proteins (Weinbaum et al., 2007).
Inflammation, and in particular sepsis, lead to changes in the glycocalyx, resulting in endothelial
damage and microvascular dysfunction (Chelazzi et al., 2015). Enzymes such as metalloproteinases
(MMP), heparanase, and hyaluronidase also participate in glycocalyx degradation. LPS, ROS and pro-

inflammatory cytokines are described to be involved in activation of such shedding enzymes. These
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enzymes cleave the extracellular parts of the transmembrane proteins (e.g. syndecan), which in tum
uncover ECs for leukocyte and platelet adhesion, increase inflammation, lead to increased vascular
permeability, dysregulation of vascular homeostasisand activate the coagulation cascade (Chappell et
al., 2009, Goligorsky and Sun, 2020, Uchimido et al., 2019, Cao et al., 2019a). Along with increased
vascular permeability, one of the most severe complications in sepsisand septicshockis disseminated
intravascular coagulation (lba et al., 2019). Even though ECs coordinate the clotting cascade and
activation as well as aggregation of platelets, activated platelets are also capable of the secretion of
numerous cytokines which stimulate immune cells and promote their adhesion to the endothelium
(Thomas and Storey, 2015). The combined extreme inflammatory stimuli cause the endothelium to
separate, to produce gaps between the ECs and to finally end up in a significantly increased
permeability. Reactive metabolites such as ROS, RNS and RCS may also play a greater role here than

previously assumed.
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1) ROS and bacterial components (i.e., LPS) damage the glycocalyx. 2) LPS and inflammatory cytokines result in disruption of tight junctions
(TJ), adherens junctions (AJ), and gap junctions (GJ) via activation of TNF-a. and Ang2 pathways. The above-mentioned effects increase
endothelial permeability. Abbreviations: ROS: reactive oxygen species; RCS: reactive carbonyl species; LPS: lipopolysaccharide; TJ: tight
junctions; AJ: adherens junctions; GJ: gap junctions; TNF: tumor necrosis factor; TNFR: TNF receptor; NF-kB: nuclear factor kB. Adapted
from: Dolmatova, E. V., Wang, K., Mandavilli, R., & Griendling, K. K. (2021). The effects of sepsis on endothelium andclinical implications.
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Figure 2: Endothelial permeability in sepsis
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1.6 ROS and RNS in sepsis

In order to eliminate invaders and in the course of the innate immune response, phagocytes such as
macrophages and neutrophils release extensive quantities of ROS (02- and H202). As part of this
process, the so called “respiratory burst”, NADPH-oxidases are the main source of ROS (Dahlgren and
Karlsson, 1999). This process uses large amountsof oxygen (Baldridge and Gerard, 1932). Furthermore,
ROS produced by the respiratory burst appear to exert also paracrine effects, by activating adjacent
EC but also altering their function. In proper sequence, EC rise the intracellular ROS and RNS
production. Beside the ROS production by NADPH-oxidases, ROS can be also produced by uncoupling
of respiratory chain complexes of the mitochondria (Cepinskas and Wilson, 2008, Ince et al., 2016).
Besides the increased nitric oxide (NO) production by the inducible NO-synthase (iNOS), various
pathways contribute to ROS production and inflammation. NO stimulates not only the mitochondrial
H202 and 02- formation by inhibiting cytochrome-c oxidases (Poderoso et al., 1996), H202 also
inducesthe upregulation of iNOSina NF-kB dependent manner (Han et al., 2001). Moreover, NO and
H202 reactto form peroxynitriteand other RNS (Cuzzocreaetal.,2006, Westetal., 2011). In addition,
it is indicated that the mitochondrial complexes | and IV are vulnerable to RNS (Beltran et al., 2000,
Arulkumaran et al., 2016), which furtherimpairs mitochondrial respiration (Boulos et al., 2003). Several
animal models support the idea of an altered mitochondrial function in sepsis and septic shock. An
impaired mitochondrial function was observed in the heart (Vanasco et al., 2014, Levy et al., 2004),
liver (Lowes et al., 2013, Brealey et al., 2004) and intestine (Crouser et al., 1999, King et al., 1999).
Moreover, in skeletal muscle biopsies of non-surviving septic patients compared to survivors and post-
operative controls, areduced mitochondrial complex| activityhas been detected (Brealey et al., 2002).
In platelets of septic patients an increased mitochondrial respiration has been observed (Sjovall etal.,
2010, Sjovall etal., 2014). Due to uncoupling, the oxidative phosphorylationbecame less effective after
all (Sjovall et al., 2014). As a result, increased mitochondrial respiration during the early phase of
systemic inflammation has been correlated inversely with survival of these patients (Sjovall et al,,
2010).

It is noteworthy, that ROS are not only antimicrobials (Babior, 2000), but also serve as powerful
activators of the innate immune system (Arulkumaran etal., 2016, Zhou et al., 2011, Mao et al., 2013,
Emre et al.,, 2007, Rousset et al., 2006, West et al., 2011b), considering that mitochondrial
dysregulationin sepsis and septic shock might be part of the directed stress response in systemic
inflammation. From this perspective, the metabolic switch from mitoch ondrial citrate cycle to cytosolic
glycolysis may not only be the result of defective mitochondrial function butalso a required action to
allow mitochondrial uncoupling in order to strengthen the pathogen defense. Along these lines,
besidesto ROS and RNS production, hyperglycemicalterations in mitochondrial function are features

of the legitimate stressresponse, eventuallybeing dysregulated insepsis andsepticshock. Accordingly,
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moderate levels of ROS have beenshown to act as second messengersinsignaling pathwaysand gene
regulation, including nuclear factor 2 (Nrf2) and NF-kB, however elevated levels of ROS encourage
apoptosis oreven necrosis (Hensley etal., 2000, Lander, 1997, Genestra, 2007, Tonks, 2005, Aslan and
Ozben, 2003, Schreck et al., 1991).

1.7 Endothelium and ROS/RNS in sepsis

As described before, activatedimmune cells deliver reactive molecules that are originally intended to
fight germs but can also damage the affectedtissue (Prauchner, 2017). Direct interaction of ROS and
the endothelium leads to increased vascular permeability, worsening hypotension, and decreased
colloid osmotic pressure of the plasma. Likewise, they affect tissue oxygen consumption and accelerate
organ failure (Parihar et al., 2008). Current data clearly indicates that ROS damage the endothelial
glycocalyx (Ince et al., 2016) and dramatically affect the endothelial barrier function, ultimately
resultinginincreased neutrophil recruitment and trafficking (Usatyuk et al., 2003). Whether in vitro or
in vivo, the interaction of EC and ROS resultsina remodeling of the cytoskeleton and upregulation of
the adhesion molecules intercellular adhesion molecule 1 (ICAM-1), platelet and endothelial cell
adhesion molecule 1(PECAM-1), vascular cell adhesion molecule 1(VCAM-1), and P-selectin, followed
by increased neutrophil adhesion to the endothelium (Gaboury et al., 1994). There are several
proposed mediators of the ROSinducedincreasein endothelial pe rmeability, among otherthings, the
activation of MAPK p38 (Usatyuk et al., 2003). ROS are also associated with the disruption of
endothelial TJ proteins. H202 e.g., reorganizes occludin on the cell surface, reducing its association
with Z0-1and thereby increasing endothelial permeability (Keviletal., 2000). ROS can also be formed
by EC themselves through the mitochondrial electron transport chain, nicotinamide adenine
dinucleotide phosphate hydrogen oxidases (NOXs), uncoupled endothelial nitric oxide synthase
(eNQS), and xanthine oxidase (Cai and Harrison, 2000). ROS induced signaling at physiological levels is
fundamental forthe maintenance of the vasculartone and also enables angiogenesis as well as acute
inflammatory responses in defense of the invading pathogens (Craige etal., 2015). Under pathological
conditions such as sepsis, when the ROS response is overwhelming, it has been shown that reducing
ROS production protects against sepsis-induced organ damage (Joseph etal., 2017, Fisheretal., 2020,
Hernandes et al., 2014). As described before, NO is an endogenous vasodilator and antiproliferative
agentandis producedin ECby eNOS (Vanhoutte, 1998). During sepsis some of the necessary cofactors
for active eNOS are completely consumed by oxidation, uncoupling eNOS, generating superoxide
anionsand thereforereducing NO production (Inceetal., 2016). Contemporaneously, iNOS inimmune
cellsand endothelium becomes activated, delivering large amounts of NO. NO and superoxide anions

thenreacttoform RNS, whichinturnalsocontribute to endothelial dysfunction (McQuaid and Keenan,
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1997). Both ROS and RNS appearto have cellularadverse effects through theirrole in protein and lipid
oxidationand DNA damage. Regardless of the excessive ROS production during sepsis, the usefulness
of ROS measurementin diagnosing sepsis and predicting mortality remains limited. In part, this can be
attributed to the instability of ROS, which makes it difficult to measure them accurately in a clinical

setting, aswell as the relative non-specificity of the ROS response (Lopes-Pires etal., 2022).

1.8 Reactive Carbonyl Species (RCS)—Underdogs of reactive

metabolites
ROS and RNS are extremelyunstable compounds, and their harmful effects are narrowedto their place

of origin and itsimmediate surroundings. Another group of highly reactive metabolites, RCS have been
overlookedforyears, although they interact with alarge number of biomolecules (Lide, 2005). RCS are
more stable but still highly reactive and represent a large heterogeneous group of low molecular
carbonyls. They show the ability to react with proteins, deoxyribonucleicacid (DNA) or phospholipids,
forming advanced glycation end-products (AGEs). These modifications include structural and
functional changes resulting in dysfunction or completeinoperability of the initial protein (Ahmed and
Thornalley, 2005, Dobleretal., 2006). These harmful effects are reminiscent of those of ROS, whereas
RCS, in contrast, are far more stable and also have a systemiceffect (Kalapos, 2008). One of the most
important representatives of RCS with a clear pathophysiological relevance is methylglyoxal (MG). In
multicellular organisms, MG mainly arises as a by-product during glycolysis and is formed by non-
enzymatic degradation of triose phosphates, glyceraldehyde-3-phosphate (GAP) and
dihydroxyacetone phosphate (DHAP) (Kalapos, 2008, Thornalley et al., 1999). Commonly only small
amounts between 0.05 % to 0.1 % of the glycolytic flux are converted into MG (Veech et al., 1969),
resulting in physiological concentrations of 50-150 nM in human plasma (Rabbani and Thornalley,
2014, Rabbaniet al., 2016). Because there is a proportionality between MG production and glycolytic
flux, it stands to reason that in diseases associated with increased glycolytic flux (such as diabetes
mellitus or sepsis), elevated MG levels predominate. In addition, MG appears to be more than just a
substitute for imbalanced glucose metabolism, since itis clearly associated with the occurrence of
diabetic complications such as nephropathy and retinopathy (Beisswenger et al., 2003, Vander Jagt,

2008).

1.9 MG-derived carbonyl stress in sepsis

Until to date, the amount of data showinga direct association between human sepsis and MG is
limited. Many studies at best create a bridge of ideas orare performed in vitro respectively ex vivo. For

example, during sepsis eryptotic activity is elevated within the plasma and often results in eryptosis
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hemolytic syndrome (Kempe et al., 2007). A study that was carried out at the same time found that
MG impaired energy production and anti-oxidative defense of isolated circulating erythrocytes. Those
effects contributed to an enhanced phosphatidyl serine exposure of those circulating erythrocytes and
were found to resultin anemia and deranged microcirculation (Nicolay et al., 2006). Like ROS, MG
production appearsto be a necessary defense mechanism against pathogens. Various in vitro studies
report e.g. that macrophages infected with Mycobacterium tuberculosis (Zhang et al., 2016) had
increased MG levels, as well as neutrophils infected with Group A Streptococcus (Rachman et al,,
2006). Other studies demonstrated that bacteria also have the ability to produce MG and could also
contribute to the carbonyl stress during bacterial sepsis and septicshock (Baskaran et al., 1989, Booth
et al., 2003, Cooper, 1984, Ferguson et al., 1998). In some Escherichia coli (E. coli) strains, MG
production allows them to adapt to carbon rich environments giving them time to adapt to adverse
environmental conditions and to survive (Ferguson etal., 1998). In 2014, Brenner et al. made the first
direct link between MG-induced carbonyl stress in critically ill patients. Septic patients showed
significantly higher MG plasma levels in comparison to postoperative as well as healthy controls. In
addition, MG outperformedthe incumbentinflammation and infection markers such as procalcitonin
(PCT), CRP, soluble CD14 subtype and IL-6, with aview to early and effective detection of sepsis in this
study. Moreover, they identified MG as anindependent predictor of mortality in sepsis (Brenneretal.,
2014). It is still unexplored whether the elevated MG levels in sepsis come from endogenous or
exogenous sources. However, the data situation now speaks more for the direction of endogenous
carbonyl stress production in systemic inflammation. In addition to the increased MG levels in
postoperative controls (Brenneretal., 2014), significantly increased MG levels could also be detected
in patients following liver transplantation (Brenner et al., 2013) as well as in severely traumatized
patients (Uhle etal., 2015). Both of these patient groups were clearly suffering from germ-free/sterile
inflammation. In this context, a direct influence of MG on the dysregulated systemicinflammation
seems no longer deniable. The phenomenon of metabolictolerance has also been observed in a
monocytic cell line as well as primary human monocytes, meaning that high levels of AGEs were
capable to activate immune cells at first, but induced a secondary state of hypo-responsiveness in
these cells (Uhle et al., 2017). Recent data described LPS administration in vitro as well as in vivo
(murine model) tolead robustly to increased levels of MG-adducts and to polarize macrophages into
a proinflammatory M1 phenotype. Furthermore, exogenous MG was able to block redox activities in
mitochondria which was associated with membrane permeability and induced an increased C-X-C
Motif Chemokine Ligand 1(CXCL1) gene expression (Prantneretal., 2021). Driessen et al. investigated
the effect of inflammation and hypoxia on the MG pathway in humans in vivo and found that
glyoxalase-1 (GLO-1, the MG converting enzyme) expression was significantly downregulated in

healthy males receiving LPS but was not influenced by hypoxia. Downregulation of GLO-1 could be a
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possible mechanism leading to cell damage and multi-organ failurein sepsis (Driessen et al., 2021). As
of today, it appears that MG does not have "just a singular" effect, but influences sepsis and septic
shock in many ways. However, with regard to RCS and the endothelium in sepsis there is no data

available despite from the following work.

1.10 Pathophysiology of MG-derived carbonyl stress in sepsis

Under physiological conditions, MG reacts with modified arginine, lysine and cysteine residues in
proteins (Lo et al., 1994a), with arginine appearing to be most susceptible. Furthermore, MG can
modify human albumin in vivo. In the majority of albumin modifications, arginine residues are most
frequently modified, resulting in the formation of hydroimidazolone N-ornithine (Ahmed and
Thornalley, 2005). This modified albumin can, inter alia, induce the synthesis and secretion of IL-1
(Westwood and Thornalley, 1996, Abordo et al., 1996). Simultaneously MG-modified arginine residues
gain chemoattractant capabilities, provoking receptor-mediated endocytosis and degradation
(Westwood et al., 1997). Over and beyond, MG-mediated oxidation leads to misfolding of enzymes,
leading to proteolysis (Du et al., 2006). The interaction between RCS and DNA can resultin further cell
damage. This creates nucleotide-AGEs, which can lead to strand breaks and point mutations (Hoon et

al., 2011).

The influence of carbonyl stress on mitochondria and its importance for ROS formation could be of
greatinterestin the context of critical diseases.Itis very likelythat ROS, RNS and RCS constitute a self-
sustaining system in which the factors stimulate each other (Kalapos, 2008, Wu, 2005). The fact that
MG concentrations are significantly increased during hydrogen peroxide -induced necrotic cell death
supportsthistheory (Abordo etal., 1999). Inhibition of the downstreamglycolyticenzymes leads to an
accumulation of GA3P and DHAP (Hyslop et al., 1988). Vice versa, decreased MG levels are observed
to be associated with decreased ROS levels (Abordoetal., 1999, Yao and Brownlee, 2010). At the same
time, RCS can severely impair mitochondrial function. Several studies described MG-derived carbonyl
stress to be harmful to mitochondrial proteins (Morcos et al., 2008), to increase ROS levels and to
induce apoptosis viathe mitochondrial pathway (Chan etal., 2007) as well as to significantly increase
the permeability of the mitochondrialmembrane (Seo etal., 2014). Summarized, MG-derived carbonyl
stress can not only affect the effector functions of immune cells under infection but also affect basic
metabolic pathways such as glycolysis and mitochondrial respiration. Consequently, it could have an

impact on the development of sepsis-induced MODS.
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1.11 Regulation of MG-derived carbonyl stress in sepsis

In healthyindividuals, MGis normally detoxified via the glyoxalase system. This includes the enzymes
GLO-1 and glyoxalase-2 (GLO-2) (Brownlee, 2001, Thornalley et al., 2003), metabolizing MG into D-
lactate by using NADPH and glutathione (GSH) (Thornalley et al., 2003, Lohmann, 1932). As described
by Driessen et al. 2021, this way of MG detoxification seems to be severely disrupted during critical
illness (Driessenetal., 2021). As already known, systematicinflammation produces large amounts of
ROS, which must be rendered harmless, but these detoxification mechanisms also require larger
amounts of GSH (Rabbani and Thornalley, 2008). This high consumption of GSH thus also influences
the glyoxalase pathway. Furthermore, itis known that "hyperoxide" (a ROS) can directly inhibit GLO-1
(Kanwarand Kowluru, 2009). This is in line with the findings that critically ill patients show increased
levels of both ROS and RCS, whichiis paralleled by an impaired GLO-1expression in patients with septic
shock (Brenneret al., 2014). It was suggested that the downregulation of GLO-1 is receptor AGE
(RAGE)-dependent (Bierhaus etal., 1997, Bierhaus etal., 2006, Lander et al., 1997, Thornalley, 1998).
In both patients with septic shock (Hofer et al., 2016) and patients following severe trauma (Uhle et
al., 2015) monocytes exhibited an elevated RAGE expression and increased plasma levels of soluble
RAGE (sRAGE). Consistent with these results and increased AGE formation by MG, a regulatory cyde
can be mapped. Thisincludes the MG-AGE-RAGE-GLO-1-MG axis leading to the formation of ROS, RNS

and RCS during systemicinflammation.

1.12 What we know from Diabetes mellitus and other AGE-related

diseases
Results from experimental and preclinical research showwith unequivocal certainty thatincreased MG

formation in hyperglycemia contributes to the development of vascular complications. MG s
associated not only with diabetic hyperglycemia but also with other risk factors for diabetic vascular
difficulties such as dyslipidemia, hypertension, and obesity. Furthermore, thereisincreasing evidence
that MG also altersinsulinresistance (Mey and Haus, 2018). Incidentally, MGis directly associated with
insulinresistance due to MG interference with the complexmolecular signaling pathways of insulinin
muscle cells (Riboulet-Chavey et al., 2006), EC (Nigro et al., 2014), and beta cells (Fiory et al., 2011).
Therefore, MG reflects the hyperglycemicflux, and can also encourage insulin resistance and beta cell
dysfunction by itself, thus predisposing to type 2 Diabetes mellitus (T2D) (Moraru et al., 2018). Since
glycolysisisalsoincreased duringinflammation and hypoxia, these conditions may also contribute to
MG formation. In addition, the expression as well as the activity of GLO-1 are impaired under these
conditions, which can also contribute to the increased MG levels (Haik etal., 1994). This fact clarifies

why MG isrelated withmany other age-related chronicinflammatorydiseases, such as atherosclerosis,
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hypertension, cancer, and disorders of the central nervous system (Maessen et al., 2015, Schalkwijk,

2015).

1.12.1 Diabetes mellitus

After discovering that high glucose concentrations result in MG formation (Schalkwijk et al., 2004,
Schalkwijk et al., 2006, Shinohara et al., 1998, Thornalley, 1988) and that both type 1 and type 2
Diabetes mellitus (T1D, T2D) patients sufferfrom higher plasmalevels of MG and AGEs (Beisswenger
et al., 1999, van Eupen et al., 2013) subsequent studies have highlighted the relevance of MG in
diabetes-associated complications, especially in the vessels. E.g. Diabetes-related endothelial
dysfunction represents an initial factor in the pathogenesis of diabetic micro- and macroangiopathy
(Rohlenova et al., 2018, Schalkwijk and Stehouwer, 2005) and is outlined by increased levels of
oxidative stress and inflammation as well as alterations in vasoregulation and barrier function of the
endothelium (Eringa et al., 2013, Schalkwijk and Stehouwer, 2005). It is hypothesized that four
independent biochemical pathways in endothelial cells are overactivated in hyperglycemia by an
intracellular excess of glucose flux. These pathways are thought to be linked by a single upstream
event, namely the mitochondrial overproduction of ROS (Giacco et al., 2013). Several experimental
models demonstratethe importance of MGfor endothelial dysfunction in diabetes. Administration of
MG in animal models results in diabetes-like microvascular changes, including impaired vasodilation
(Berlanga et al., 2005, Sena et al., 2012), degenerative changes in microvasculature with loss of
endothelial cells, thickening of the basement membrane (Berlanga et al., 2005), and increased
oxidative stress (Sena et al., 2012). Higher MG plasma levels in the kidney contribute to the
development of diabetic nephropathy (Hanssen et al., 2019, Rabbani and Thornalley, 2018) and are
associated with an increased incidence of chronic kidney disease (Beisswenger et al., 2005, Lu et al.,
2011, Nakayamaetal., 2008) and an increased risk of lower estimated glomerular filtration rate (e GFR)
and albuminuriain TID and T2D (Hanssen et al., 2017, Hanssen et al., 2018, Jensen et al., 2016).
However, the most common microvascular complication in diabetes is retinopathy (Yau et al., 2012)
with the greatest risk factor for its development being chronic hyperglycemia (Stitt et al., 2016). It is
postulated that increased MG levels in the eyes impair the regulation of retinal blood flow and thus
contribute to diabetic retinopathy or alter the blood-retinal barrier (Diaz-Coranguez et al., 2017). In
the rat model, the injection of MGinto the eye leads to a hyperpermeability of the blood-retinal barrier
via the loss of TJ proteins and the activation of matrix metalloproteinases(Hanssen et al., 2014a).
Studies using RAGE-/- mice showed that they accumulated less MGin their retinas and that activation
of GLO-1 protected them against microglial activation and vasoregression (McVicar et al., 2015),

underlining the role of MG in the pathogenesis of diabetic retinopathy. Despite the large number of
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studiesin diabeticanimal models and humans that showthat glycation plays a key role inthe formation
of diabetic neuropathy (Cullum et al., 1991, Ryle and Donaghy, 1995, Sugimoto et al., 2008, Vlassara
et al., 1983) only a handful specifically focus on the importance of MG and GLO-1. Due to its high
energy requirements, neuronal tissue absorbs large amounts of glucose independently of insulin.
Therefore, neuronal tissue and cells are at high risk for MG accumulation (Thornalleyetal., 2003). This
has already been identified as a risk factor for the development of polyneuropathy in T2D patients
(Anderson etal., 2018). Furthermore, MG activates p38 MAPK in Schwann cells, which ultimately leads
to apoptosis (Fukunaga et al., 2004). Pathophysiological MG plasma concentrations lead to
depolarization of sensoryneurons and cause post-translational modifications thatincrease blood flow

inbrain regionsinvolved in pain processing (Bierhaus etal., 2012).

1.12.2 Atherosclerosis

MG seemsto play amajorrole inthe development of atherosclerosis (Hanssen et al., 2014b). Elevated
plasma MG levels are associated with cardiovascular diseases (CVD), myocardial infarction and lower
extremity amputation (Hanssen etal., 2020), all-cause (CVD) mortality in diabetic patients, as well as
thickening of the intima media (Ogawa et al., 2010). These studies confirm previous assumptions that
plasma concentrations of certain MG-adducts are associated with the occurrence of CVD in diabetes
(Hanssenetal., 2015, Ninet al.,2011). Activation of the endothelium and the expression of adhesion
molecules are the essential reason for atherosclerosis and MG is directly linked to diabetes-induced
activation of endothelial cells (Brouwers et al., 2010, Brouwers et al., 2011, Brouwers et al., 2013,
Brouwers et al., 2014, Makinen et al., 2014, Stratmann et al., 2016). The protein content of low-
density-lipoprotein (LDL) is a target for MG modification in atherosclerosis and changes both the
physiochemical and biological properties of LDL (Brown et al., 2005, Rabbani et al., 2011, Turk et al.,
2011) as well asthe formation of methylglyoxal-derived hydroimidazolones (MG-H1) and atherogenic
LDL particles (Rabbanietal., 2010, Rabbani et al., 2011). MG modification of high-density-lipoprotein
(HDL) forwards its degradation, impairsfunctionalityand could be in part responsible for diabetic CVD.
Itis importantto note that MG isalsoinvolvedinnon-diabeticatherosclerosis (Brownlee, 2001). MG-
AGEs can be found in atherosclerotic plaques and are associated with rupture-prone phenotypes of

diabeticas well as non-diabeticplaques (Ghirlandaetal., 1997, Schalkwijk and Miyata, 2012).

1.12.3 Hypertension
Some studies report that AGE-RAGE interactionisinvolved in the pathophysiology of hypertensionby

stiffness by cross-linking of collagen inthe arterial medialeadingtoanincreased arterial stiffnessand

by functional changes of the vascular cells (Prasad and Mishra, 2017). MG might be involved in the
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pathophysiology of hypertension by structural and functional alterations of the arteries. In vitro
experiments revealed that MG was able to induce the described cross-linking of type 1 collagen. This
ledto changesin physical properties, including a physiologically relevant reduced viscoelasticity (Fessel

etal., 2014, Gautierietal., 2017, LedererandKlaiber, 1999, Li et al., 2013, Stehouweretal.,1992).

1.12.4 Cancer

Cancer is portrayed by proliferation and uncontrolled growth of abnormal cells. Because of oxygen
deficiency, tumor cellsdepend on the “Warburg effect”. In compensation for the insufficient energy
supply, tumorcells exert a higher glycolysis rate and take up higher amounts of glucose, consequently
forming intracellular MG (Bellahcéne et al., 2018). Cancer cells with high glycolytic rates therefore
require a high detoxification capacity for MG, and high expression of GLO-1. This is a reasonable
survival and growth mechanism for tumors with high glycolytic fluxes and an increased formation of
MG. Truly, an association between high GLO-1expression and tumor progression in numerous cancer
typesincluding colorectal cancer (Sakellariou et al., 2016) and gastriccancer (Hosoda et al., 2015) has
been reported and the reduction of intracellular MG by increased GLO-1 expression is probably an
explanationforthe survival promoting effects. Through ROS generationand GSH depletion (Amicarelli
et al., 2003), inhibition of cellularrespiration (Ghosh etal., 2011), DNA modification and DNA-protein
cross-link resultingin DNA instability (Jandial etal., 2018, Tamae et al., 2011, Wuenschell et al., 2010),

MG can induce apoptosisin cancerous cells.

1.13 Therapeutic options to limit MG

Several strategictherapeuticapproachestolower MG have been developed overthe years, however

none of these applications could be transferred into clinical routine.

1.13.1 Aminoguanidine

Aminoguanidine (AG) is aderivate of the organicbase guanidine and a strong scavenging agent of MG
because of its dicarbonyl-directing guanidine group (Brings et al., 2017, Brownlee et al., 1986, Lo etal.,
1994b). In animal models of diabetes, AG has been effectivein lowering AGE formation and prevented
nephropathy (Soulis-Liparotaetal., 1991, Soulisetal., 1996), retinopathy (Hammesetal., 1991), and
neuropathy (Kihara et al., 1991). In two large clinical trials with T1D (Bolton et al., 2004) and T2D
(Freedman et al., 1999) patients, however, AG did not show convincing results. In T1D, the goal to
decrease the doubling time of serum creatinine was unfortunately missed and the study in T2D
patients was prematurely stopped because of ineffectiveness and safety concerns about

gastrointestinal disturbance, lupus-like illness, abnormal liver function, flu-like symptoms, and
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vasculitis. The further assessment of aminoguanidine in humans was discontinued due to an

unfavorable perceived benefit-risk ratio (Lobneretal., 2015).

1.13.2 N-Acetylcysteine

N-Acetylcysteine (NAC, obsolete mercapturicacid) is a derivative of the naturally occurring amino acid
cysteine and a potent antioxidant, found in several dietary supplements. It can induce protein
phosphatase and reduce GSH, neutralizing MG to nonreactive and non-toxic forms such as
hemithioacetal, s-lactoyl-GSH, and D-lactate (Dhar et al., 2010, Allaman et al., 2015, Mokhtari et al.,
2017, Echeverri-Ruiz et al., 2018, Jo, 2011). In in vitro experiments NAC inhibited the MG-induced
AGE/RAGE expressionin keratinocytes (Yang etal., 2017) and improved the MG-induced neurotoxicity
in hippocampal neurons (Zhou et al., 2009). Although NACis a familiar substance, its long-term use is

limited through negative side effects like vomiting, rash, and high fever (Schmidt and Dalhoff, 2001).

1.13.3 L-carnosine
L-carnosine (Cns, beta-alanyl-L-histidine) is a naturally occurring dipeptide with MG-scavenging

activities (Colzani et al., 2016, Vistoli et al., 2017). In rodent models of metabolic syndrome and
cardiovascular disease the benefit of Cns as a potential pharmacological agent could be highlighted
(Aldini etal., 2011, Barski etal., 2008). In an interventional study of overweight and obese individuals,
subjects received adaily dose of L-carnosine. This dose could preventinsulin sensitivity and secretion
and normalized glucose tolerance compared to the placebo group (de Courten et al., 2016). Due to
rapid hydrolysis of the peptide by carnosinases, the therapeutic potential of Cnsin humans is limited

(Andersonetal., 2018).

1.13.4 L-Anserine
Anserine (Ans, B-alanyl-3-methylhistidine)is adipeptide (Garrett RH, 2012) and a methylated derivate

of Cns. It isfound in the skeletal muscleand brain of mammals and birds (Blancquaert et al., 2016) and
can also be found in high levels within human kidneys (Peters et al., 2018). Both Ans and Cns show
copper chelating capacities (Kohen et al., 1988). Cns as well as Ans can be digested by carnosinase 1
(CN1,EC 3.4.13.20) and at a high pH by carnosinase 2 (CN2, EC 3.4.13.18) (Teufel etal., 2003). Serum
CN1 has a higheractivity for Cns comparedto Ans (Peters etal., 2011). Ansis more stable in serum and
resistant to degradation than Cns due to its methylation (Everaert et al., 2019). When contained in
Ans, the acid constant of the imidazole ring of histidine is 7.04, which makes it an effective buffer at

physiological pH (Wu, 2020, Kaneko et al., 2017). The positive effectsof Ans on cell and organ function
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have been described in several publications (Vistoli etal., 2016, Hobart et al., 2004). The fact that Ans
delaysand (inone case) reverses non-enzymaticglycationis here of special interest. Cnsand Ans can
serve as alternative and competing glycation targets, thereby protecting proteins from modulation.
Another mechanism by which these two peptides can retard, or reverse glycation involves the
decomposition of the very firstintermediates of the non-enzymatic glycation by nucleophilic attack of
Cns and/or Ans on the preformed aldosamine such as glucosyl-lysine (Szwergold, 2005). In vitro, as
little as 5 mM Ansis sufficient to significantly reduce the glycation of human serum albumin by 25mM
glucose, measured as free lysine residues (Lee, 1999). In neuronal cellsthe anti-radical capacity for Ans
was shown to be higherthan Cns (Boldyrev etal., 2004). By activating the intracellular defense system
under oxidative stress Ans, but not Cns has beenobservedto play animportantrole, by activating heat
shock protein (Hsp) expression. Hsps have multiple cell protective effects like cellular repair,
interaction withcytoskeletal structures, protein transport and cleavage (Beck etal., 2000, Chebotareva
et al., 2017) and post-inflammatory processes (Bellia et al., 2011). In line with that, Ans upregulated
Hsp70 expression under conditions of oxidative and glycating stress in tubular cells in a T2D mouse
model, and reduced blood glucose levels, vascular permeability, and proteinuria (Peters et al., 2018).
Under glucose stress, Ans also increased the concentration of heme oxygenase-1 (HO-1), an enzyme
mediating cyto- and tissue protective processes againsta broad spectrum of injurious insults (Ryter et
al., 2006). Due to the 200-fold lower degradation rate of CN1 for Ans, Ans appears to be a promising
therapeutic tool for humans (Peters et al., 2011). To date, there is no data available elucidating the

potential protective effects of Ansinsepsisand septicshock inrelation to carbonyl stress.

1.14 Aim of the study

The aim of the here presented project was to investigate to what extentand via which mechanism the
MG-related carbonyl stress contributes to the occurrence and progression of septic multi-organ failure,
whichis closely associated witha disturbed endothelial barrier function. In this context, it seems quite
plausible to first investigate the influence of MG-induced carbonyl stress on the endothelium, since
this must be considered to be directlyexposed to MG through its direct contact with the bloodstream.
In additiontoincreased radical formation as part of the MG metabolism, MG also promotes oxidative
stress directly by increasing the activity of prooxidative enzymes such as p38 MAPK (Akhand etal.,
2001, Ward and McLeish, 2004) and N-terminal c- Jun kinases (JNKs) (Amicarellietal., 2003). These in
turn play a central role in regulating TJ permeability and regulating the barrier function (Xiong et al.,
2020), which has been shown both in vitro (Wang et al., 2019) and in vivo (Meir et al., 2019). In the
context of sepsis, classic inflammatory mediators such as TNF or LPS were able to induce TJ

dysregulation by upregulating MAPK expression (Borgonetti etal., 2022, Petecchiaetal., 2012). It has
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also been described for the proinflammatory RAGE pathway that receptor binding by AGEs on the
endothelial cell surface also leads to an induction of MAPK kinases (Goldin et al., 2006). This is of
interest since MG leads to relevant AGE formation via glycation of proteins (Waqgas et al., 2022).
However, itis not yet known to what extent MG, via a RAGE-dependent mechanism, is able to impair
the endothelial barrier functionin sepsisin the sense of a capillary leak and thus induces or maintains
the full picture of septic shock. To test this hypothesis on the morphological and functional cell level
(in vitro), primary endothelial cells were analyzed under sepsis-like conditions and the modulation of
systemicdisease severity was examined in the murine sepsis model of cecal ligation and puncture. For
the development of a possible therapeuticapproach,aclose cooperationwith MG-associated diabetes
researchers was established (SFB 1118, Reactive metabolites as a cause of diabetic consequential
damage, sub-project C05, Prof. (apl.) Dr. rer. nat. Verena Peters and Prof. (apl.) Dr. med. Claus Peter
Schmitt). To answerthe question to what extenta limitation of MG-related carbonyl stressis able to
reverse endothelial MG damage and thus have a positiveimpact on the course of sepsis, the dipeptide

Answas examined as atherapeuticagent.
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2. Material and Methods

2.1 Materials
2.1.1 Devices
Centrifuge Heraeus
Multifuge 3 S-R Hanau, DE
Centrifuge Hettich
Micro 200R Tuttlingen, DE
Coverslips VWR International GmbH

Darmstadt, DE

Freezingcontainer
Mr. Frosty ™

ThermoFisher Scientificlnc.
Waltham, USA

Heat block Heraeus
Thermomixer compact Hanau, DE
Incubator Heraeus
HeracCell Hanau, DE
Light microscope Zeiss
Axiovert25 Oberkochen, DE
Milli-Q® Reference Water Purification System Merck
Darmstadt, DE
Microplate Spectrophotometer BioTek

Epoch 2

Bad Friedrichshall, DE

Invitrogen™
XCell SureLock™ Mini-Cell

ThermoFisher Scientificlnc.
Waltham, USA

Neubauerimproved cell countingchamber

neolab Migge GmbH
Heidelberg, DE

Peleus ball VWR International GmbH
Darmstadt, DE
pH meter HANNA istruments
ph211 Voehringen, DE
Pipets 10 ul, 100 pl, 1000 pl Eppendorf
Hamburg, DE
Pipettingaid Eppendorf
Hamburg, DE

High performance liquid chromatography
(HPLC)-Column

Jupiter® 5um C18 300A, LC Column 250 x 4.6
mm, Phenomenex (Aschaffenburg, DE)

Scale Kern & Sohn GmbH
Kern EG4200-2NM Balingen, DE
Shaker Heidolph
Rotamax120 Schwabach, DE
Chemiluminescence imaging systems, Fusion Vilber

FX7 Collégien, FR
Multi-function printerand scanner Lexmark

CX923dte Lexington, USA
Sterile bench Heraeus

HeraSafe Hanau, DE

Vortex Mixer neolab Migge GmbH
72020 Heidelberg, DE
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Water bath

Koettermann GmbH

3048 Uetze, DE
Tecan Infinite F200 Fluorescence Microplate Tecan Group AG
Reader Mannedorf, CH

AcquiferImaging Machine

ACQUIFERImaging
Heidelberg, DE

Tecan Spark® Multimode Microplate Reader

Tecan Group AG
Mannedorf, CH

Fluorescence activated cell sorting (FACS) lyric

BD
Franklin Lakes, USA

2.1.2 Consumables

Pipettips 10 pl, 100 pl, 1000 pl Corning
Axygen Scientific Maximum Recovery Corning, USA
Gloves Ansell
TouchNTuff Richmond, AUS
Reactiontubes0.5ml, 1.5 ml, 2 ml Sarstedt

Nuernbrecht, DE

Reaction tubes 15 ml, 50 ml

GreinerBio One International GmbH

CELLSTAR® Frickenhausen, DE

Laboratory towels SCA

TORK Wash Cloth Goeteborg, SWE

Cryo tubes 2 ml GreinerBio One International GmbH
Cryo.s™ Frickenhausen, DE

Serological pipets5ml, 10 ml, 25 ml
CELLSTAR®

GreinerBio One International GmbH
Frickenhausen, DE

Filtertop T75 cell culture flask

GreinerBio One International GmbH

CELLSTAR® Frickenhausen, DE
24-well plate, adherent GreinerBio One International GmbH
CELLSTAR® Frickenhausen, DE
24-well plate, adherent GreinerBio One International GmbH
CELLSTAR® Frickenhausen, DE
96-well plate, adherent GreinerBio One International GmbH
CELLSTAR® Frickenhausen, DE

Cell scraper, rotable, 13 mm

TPP Techno Plastic Products AG
Trasadingen, CH

Round-Bottom Polystyrene Tubes, Disposable,
Falcon® 5ml

Corning
Corning, USA

Transwell plates Costar
0.4 um pore size, polyester, 24welland 6 well

Corning Corning, USA

2.1.3 ELISA, Activity Assays and Kits

Target Catalogue number Company
Caspase-Glo® 1Inflammasome | G9951 Promega
Assay Madison, USA
Human pro IL-1beta ELISA Kit HUF102788 Assay Genie
Dublin, Ireland
Human MMP-1 ELISA Kit RAB0361-1KT Sigma- Aldrich
St. Louis, USA
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Human MMP-2 ELISA Kit RABO0365-1KT Sigma- Aldrich
St. Louis, USA
Human MMP-9 ELISA Kit RABO0372-1KT Sigma- Aldrich
St. Louis, USA
Micro BCA™ Protein-Assay-Kit | 23235 Thermo Fisher Scientific
Waltham, USA
Human Active MMP-1 F1MO00 R & D Systems
Fluorokine EKit Minneapolis, USA
Pierce lactatedehydrogenase 88953 Thermo FisherScientific
(LDH) Cytotoxicity Assay Kit Waltham, USA
Human Cytokine Array C3and AAH-CYT-3-2 RayBiotech Life
c7 AAH-CYT-7-2 Peachtree Corners, USA
2.1.4 Antibodies and dyes
Target Catalogue number Company
Anti-ZO-1 Z0O-1 Monoclonal | MA3-39100-A647 Thermo FisherScientific

Antibody (ZO1-1A12), Alexa
Fluor™ 647

Waltham, USA

PE Mouse anti-NF-kB p65 | 558423 BD
(pS529) Franklin Lakes, USA
Claudin 5 Monoclonal Antibody | ab131259 Thermo FisherScientific

(4C3C2), Alexa Fluor™ 488,
Invitrogen™

Waltham, USA

Phospho-c-Jun (Ser73) (D47G9) | #8752 Cell Signaling Technology
XP® Rabbit mAb (PE Conjugate) Danvers, USA
Phospho-Akt (Ser473) (D9E) #4075 Cell Signaling Technology
XP® Rabbit mAb (Alexa Fluor® Danvers, USA
647 Conjugate)
Phospho-p38 MAPK #4551 Cell Signaling Technology
(Thr180/Tyr182) (28B10) Danvers, USA
Mouse mAb (Alexa Fluor® 488
Conjugate)
Phospho-IRF-3(Ser386) #96421 Cell Signaling Technology
(E7)8G) XP® RabbitmAb (Alexa Danvers, USA
Fluor® 647 Conjugate)
Anti-AGE Rabbit pAb ab23722 abcam

Cambridge, UK
4',6-diamidino-2-phenylindol D9542 Sigma- Aldrich

(DAPI)

St. Louis, USA

2.1.5 Reagents for Immunofluorescence and Immunohistochemistry

100 % Ethanol (EtOH)

Thermo Fisher Scientific
Waltham, USA

Gibco™ Dulbecco's phosphate-buffered saline Thermo Fisher Scientific

(DPBS) w/o Ca2+ and Mg2+ Waltham, USA

Triton X-100 Sigma- Aldrich
St. Louis, USA

Albumin Fraction V, protease-free, (bovine Carl Roth

serumalbumin, BSA) Europe

Karlsruhe, DE
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Paraformaldehyde (PFA), 4% w/v aq. soln.,
methanol free

Thermo Fisher Scientific
Waltham, USA

Dako Antibody Diluent with Background Agilent
Reducing Components Santa Clara, USA
Dako Liquid 3,3'-diaminobenzidine (DAB) + Agilent
Chromogen Santa Clara, USA
Dako Liquid DAB+Substrate Buffer Agilent

Santa Clara, USA
Dako REAL™ Peroxidase-Blocking Solution Agilent

Santa Clara, USA
Dako Target Retrieval solution Agilent

Santa Clara, USA

Gibco™ DPBS
w/o Ca2+ and Mg2+

Thermo Fisher Scientific
Waltham, USA

96 % Ethanol

Thermo FisherScientific
Waltham, USA

70 % Ethanol

Thermo Fisher Scientific
Waltham, USA

xylene

Sigma- Aldrich
St. Louis, USA

ProLong™ Gold Antifade Mountant

Thermo Fisher Scientific
Waltham, USA

Ammonium chloride

Thermo Fisher Scientific
Waltham, USA

2.1.6 Reagents for cell culture

Reagent

Company

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich,

St. Louis, USA
40 % Methylglyoxal Sigma-Aldrich,

St. Louis, USA
LPS ultrapure InvivoGen

San Diego, USA

L-Anserine AKScientific, Inc
Union City, USA

L-Carnosine Sigma-Aldrich,
St. Louis, USA

rhTNFa PeproTech, Inc.

Rocky Hill, USA

N-Acetylcysteine

Sigma-Aldrich,

St. Louis, USA
Aminoguanidine Sigma-Aldrich,

St. Louis, USA
Fluoresceinisothiocyanate (FITC)-Dextran Sigma-Aldrich

St. Louis, USA

(4, 10, 70 kDa)

Dextran
(4, 10, 70 kDa)

Sigma-Aldrich,
St. Louis, USA
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Fetal calve serum (FCS)

Cell concepts

Umkirch, DE
Ethylenediaminetetraaceticacid (EDTA)-Trypsin Cell concepts
Umbkirch, DE
Gibco™ Penicillin-Stre ptomycin Thermo Fisher Scientific
Waltham, USA
RAGE-Antagonist FPS-ZM1 Sigma- Aldrich
St. Louis, USA
MMP Inhibitor|, CAS 124168-73-6 Sigma- Aldrich
St. Louis, USA
MMP-2/MMP-9-Inhibitor| - CAS 193807-58-8 Sigma- Aldrich
St. Louis, USA
Trypan blue 0.4 % Sigma- Aldrich
St. Louis, USA
Gibco™ DPBS w/o Ca2+ and Mg2+ Thermo FisherScientific
Waltham, USA
Media Company
Endothelial Cell Growth Medium Kit C-22010 | PromoCell-

FCS (0.02 ml/ml)

Endothelial Cell Growth Supplement (0.004 ml/ml)
Epidermal Growth Factor (recombinanthuman) (0.1ng/ml)
Basic Fibroblast Growth Factor (recombinant human)

(1ng/ml)

Heparin (90 pug/ml)
Hydrocortisone (1 pg/ml)

1 % Penicillin-Streptomycin

Heidelberg, DE

Stop Medium
Gibco™ DPBS w/o Ca2+ and Mg2+
10 % FCS

Cryo Medium

50 % Endothelial Cell Growth Medium
40 % FCS

10 % DMSO

2.1.7 Reagents and chemicals for HPLC

Radio-Immunoprecipitation Assay (RIPA) buffer

Thermo Fisher Scientific
Waltham, USA

sulfosalicylicacid 99 % Sigma- Aldrich
St. Louis, USA
borate buffer0.4 M Agilent
carbazole-9-carbonyl chloride Sigma- Aldrich
St. Louis, USA
hydroxylamine Sigma- Aldrich
St. Louis, USA
hydroxylamine hydrochloride Sigma- Aldrich
St. Louis, USA
sodium hydroxide Carl Roth

Karlsruhe, DE
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methanol Carl Roth
Karlsruhe, DE

acetonitrile Sigma- Aldrich
St. Louis, USA

aceticacid Sigma- Aldrich

St. Louis, USA

Acetate buffer

Solution 1: Acetic acid 50 mM
Solution 2: Sodium acetate 80 mM
Mix 2:1, pH 4.37

buffer A
820 ml 50 mM Na-Acetate buffer
180 ml bufferB

bufferB

70 % (v/v) Acetonitrile

25 % (v/v) Methanol

5 % (v/v) Tetrahydrofuran

Tetrahydrofuran Sigma- Aldrich
St. Louis, USA
Sodium acetate Sigma- Aldrich

St. Louis, USA

2.1.8 Reagents and chemicals for FACS

PFA,4 % w/vaq. soln., methanol free

Thermo FisherScientific
Waltham, USA

Gibco™ DPBS w/o Ca2+ and Mg2+

Thermo Fisher Scientific
Waltham, USA

Albumin Fraction V, bovine serum albumie Carl Roth

(BSA), protease-free, Europe Karlsruhe, DE

methanol Carl Roth
Karlsruhe, DE

Isobuffer

2 mMEDTA

0.5 % BSA

In DPBS 1x

2.1.9 Reagents and chemicals for Zymography

Novex Tris-Glycine SDS-sample | LC2676 Thermo Fisher Scientific
buffer Waltham, USA

Novex Tris-Glycine SDS- LC2675 Thermo Fisher Scientific
running buffer Waltham, USA

Novex Zymogram Renaturing LC2670 Thermo FisherScientific
buffe Waltham, USA

Novex Zymogram LC2671 Thermo Fisher Scientific
development buffer Waltham, USA
Invitrogen™ LC6025 Thermo Fisher Scientific
Colloidal Blue Staining Kit Waltham, USA

Novex™ 10% Zymogram Plus ZY00102BOX Thermo FisherScientific
(Gelatin) Protein Gels, 1.0mm, Waltham, USA

12-well
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2.1.10 Animals, drugs, and reagents for animal experiment

Product Company
C57/BL6 9-12 weeks CharlesRiver
Xylazine 20 mg/ml Euridco BV
Heesch, NL
Ketamine KetanestS 25 mg/ml Pfizer
NY, USA
Buprenorphine Buprenovetsine 0.3mg/ml BayerVital GmbH
Leverkusen, DE
Bepanthen Eye and nose ointment Hoffmann-La Roche
Basel, CH
Skin antiseptic Octeniderm Schiilke & Mayr
Norderstedt, DE
Sodium chloride (NaCl) 0.9% B. Braun Melsungen

Melsungen, DE

Surgical cutlery

Rhodentelectricrazor Aesculap
Isis Melsungen, DE
Seam material Ethicon, Inc.

Prolene monofilblue 6-0, with
needle, P 3 Prime

Ethicon Vicryl Plus violet, with
needle, absorbable 6-0

Somerville, USA

Evans blue

A16774-18 Thermo Fisher Scientific
Waltham, USA

PFA,4 % w/vagq.soln.,
methanol free

Thermo Fisher Scientific
Waltham, USA

Formamide Thermo Fisher Scientific
Waltham, USA
L-Anserin AKScientific, Inc
Union City, USA
Sterile syringes BD
1-20 ml Franklin Lakes, USA
Gauge needles B.Braun

27G, 23G, 20G
Sterican®

Melsungen, DE

2.1.11 Software

AperiolmageScopev.12.4 Leica
Wetzlar, DE
Fiji (Imagel) National Institutes of Health (Schindelinetal.,
2012)
GraphPad Prism9 GraphPad Software
San Diego, USA
Microsoft Office Home and Student 2021 Microsoft
Redmond, USA
BD FACSsuite BD
Franklin Lakes, USA

35


http://drugline.info/drug/medicament/ketanest-s-25-mg-ml/

2.2 Methods

2.2.1 Mouse model
All animal experiments were carried out in accordance with the guidelines and with the approval of

the Animal Care and Use Committee atthe Regierungsprasidium Karlsruhe (AZ 35-9185.81/G-72/18).
All mice were maintained in a pathogen-free environmentand housedin clear shoebox cages ingroups
of three animals per cage with constant temperature (20-22 °C) and humidity and 12 h:12 h light-dark
cycle, within a specialized facility for interfaculty biomedical research at Heidelberg University. All
animals always had access to waterand were fed ad libitum. All experiments were performed in adult

female mice (9-12 weeks of age).

The cecal ligation and puncture (CLP)
The CLP septicmouse model was performedas described previously (Toscano etal., 2011). Anesthesia

for CLP was performed by intra peritoneal (i.p.) injection of ketamine (100 mg/kg body weight
(bw))/xylazine (3 mg/kgbw) in0.9 % saline.During anesthesia eye ointment was used to prevent drying
of and damage to the cornea. In brief, the cecum of female mice (C57BL/6) was exposed through a
1.0- 1.5 cm abdominal midlineincision and subjected to a ligation 7 mm apart from the cecal tip
followed by a single puncture with a 23-gauge needle. A small amount of feces was expelled from the
puncture to ensure patency. The cecum was replaced into the peritoneal cavity, into whicha 0.9 %
NaCl bolus is given, and the abdominal incision was closed layer by layer (Toscano et al. 2011). Mice
were eitherobserved overatime course of seven days or sacrificed after 6 h, 24 hand 36 h. All surgical
interventions were performed on 37.5 °C heat plates. The first 36 h aftersurgery the cages were kept

on the heat plates.

Intraperitoneal (i.p.). administration of drugs
Ans (300 mg/ml in 0.9 % NaCl) was used as pretreatment (before CLP) in a dose of 1.500 mg/kg bw

every 12 h for 3 days (72 h). Starting from wound closure, Ans was used as posttreatment (after CLP)
in a dose of 1.500 mg/kg bw every 8 h for a maximum 2 days (48 h). The control animals received the

same volume of 0.9 % NaCl as vehicle.

Intravenous (i.v.) Evans Blue Injection
200 pl of 1 % sterile Evans blue (EB) solutionin 0.9 % NaCl was slowly injected into the tail vein of the

mouse. The mouse was put back intoits cage and was observed for 15 min. Mice were anesthetized
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and sacrificed through final blood collection. The organs (lung, heart, kidney, small intestine, colon)

were harvested and furtheranalyzed (Radu and Chernoff, 2013)

Further processing of organs
One part of the organs was used for the EB extraction and quantification, one part was fixed in 4 %

PFA and the remaining part was snap frozen in liquid nitrogen and kept in -80 °C. Parts of those cryo

samples were used forthe detection of Ans.

Preparation of organ samples for staining
The organs were keptfor40 h in 4 % PFA, were watered foraminimum of 2 h and dried with a tissue.

In an embedding mold, a small amount of O.C.T-Compound (Tissue-Tek) was prepared, and the
respective tissue was added. The tissue was covered with O.C.T-Compound (Tissue-Tek) and snap

frozeninliquid nitrogen. 2 um cryo slices were produced with Leitz 1720 digital Kryostat.

Evans Blue Extraction and Quantification
Organs of interest were weighted and 500 pl formamide was added to each tissue sample tube. The

tubes were transferred to a 55 °C water bath and incubated for 48 h to extract EB from tissue. The
formamide/EB mixture was centrifuged to pellet any remaining tissue fragments. Measure absorbance
was at 610 nm, 500 pl formamide was used as blank. Extravasatedng EB per mgtissue were calculated

(Radu and Chernoff, 2013).

Immunofluorescence (IF) staining for localization microscopy
The slides were fixed for 5 min with absolute EtOH in -20 °C. The fixative was removed and washed

five times with DPBS. For permeabilization of the cells, 0.5 % Triton X in DPBS were added and
incubated for 8 min in room temperature. After washing five times with DPBS, the antigens were
demasked by boilingthe slidesinCitrate buffer pH6.0in a pressure cooker. Theslideswerethenrinsed
for30 min with distilled water. Tissue autofluorescence was blocked with 50 mM NH,Cl in DPBS for 10
min. The slides were washed three times with DPBS and then blocked with 5 % BSA in DBPS for 1 hin
roomtemperature. The anti-Cld5488 was added 1:200 and incubated over nightat4 °C. The next day,
the solution was removed and washedfive times with DPBS. The first antibody was fixed with 4 % PFA
for 20 min at room temperature. The fixative was removed and washed five times with DBPS. To start
with the second immunostaining, again 5 % BSA in DBPS was added and incubated for 1 h in room

temperature to block unspecificbinding sites. Anti-ZO-1647 was added 1:200 and incubated for1 h in
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room temperature. The solution was removed and washed fivetimes with DPBS. For nuclear staining,
30 nM DAPI in distilled water (ddH,0) were incubated for 15 min in room temperature. The solution
was removed and the filters with the fixed and stained cells were cut out using 23-Gauge needlesand
placed on a glass slide. 10 pl of antifading mount medium was added and the cover slip was put on
top. Before imaging, the slides were hardened for 24 h in the dark at room temperature. The
experiment was repeated for 3 times. From every image, six randomly selected excerpts were further
densitometrically analyzed for IF intensity on selected membrane areas in gray scales as described

previously (Bartosovaetal., 2020).

Immunohistochemistry
Tissue sections were hydrated for 5min eachin Xylol (2x), 100 % absolute ethanol (2x), 96 % ethanal,

70 % ethanol and were 2x washed withdistilled water. To unmask the antigens, the slides were cooked
in citrate buffer pH 6.0 and cooled down for 30 min in distilled water. Ina humidified chamber, slides
were washed 3x with DBPS. Endogenous peroxidase activity was quenched with DAKO buffer for 8 min.
Slides were washed 3x with DPBS and blocked for 30 min with DAKO universal blocking buffer(1:10in
distilled water). The target antibody (aAGE; 1:10000) was incubated overnightat4 °C. The incubation
with the corresponding secondaryantibody (diluted 1:3000) took place after washing three times with
DPBS for 30 min. The secondary antibody incubation was terminated by washing three times and the
slides were incubated with R.T.U. vectastain ABC reagent for 15 min. The primary antibody binding
was counterstained with DAB and the cell nuclei were stained with hematoxylin. Finally, the sections
were dehydrated by incubation in 70 % ethanol, 96 % ethanol, twice in 100 % ethanol and twice in

xylol (5min each).

Determination of Anserine
Ans concentrations were determined fluorometrically using HPLC according to Schonherr et al.

(Schonherr, 2002). For this purpose, 30 mg of cryopreserved mouse kidney tissue samples was lysed
in 500 ul of RIPA buffer and centrifuged off at 10000 x g for 10 min. 200 pl of the supernatant were
deproteinized using 37.5 pl of sulfosalicylic acid, incubated on ice for 30 min and centrifuged off at
10000 x g for 5 min. For derivatization, the supernatant was diluted 1:3 with borate buffer, 180 ul
mixed with an equivalent volume of carbazole-9-carbonyl chloride solution, incubated for 90 s and
then with 108 pl of a hydrosylamine solution (150 mmol/I hydroxylamine hydrochloride, 68 mmol/I|
sodium hydroxide, 2 % methanol v/v) for 3 min and the derivatization was stopped using 252 ul
acetonitrile in acetic acid (8:2 v/v). Ans was separated using a Jupiter C18 column, the mobile phase

consisting of a gradient of buffer A (82 %) and bufferB (18 %). The fluorometricdetection took place
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at A,=283 nmand A.,=340 nm. For validation, each sample was measured in duplicate, each duplicate

having 0.6 ug/ml Ansaddedto it.

2.2.2 Cell culture
Primary human umbilical vein endothelial cells (HUVEC) were purchased cryopreserved from pooled

donors from Promocell (Heidelberg). For transendothelial electrical resistance (TER) and paracellular
transport experiments cells were grown on special membrane filters, so called transwell permeable
supports. These inserts provide access to both sides of the monolayer, giving the opportunity to study
transport and other metabolic activities. For all other experiments classical cell culture plates for

adherentcells were used.

Conditions
HUVEC were cultured in Endothelial Cell Growth Medium, supplemented with Growth Kit in T75 cell

culture flasks and kept under physiological conditions (37.5°C, 95 % humidity, 5% CO2 fumigation) in
the incubator. Sterile activities were performed under a laminar flow sterile bench. All culture media
were stored at 4 °C until use and only preheated inawater bath at 37 °C in case of direct application.

All experiments were performed in Endothelial cell basal medium supplemented with 2 % FCS.

Passaging cells
After reaching approximately 75 % confluence, the cells were split. Here fore, the old media was

aspired, and the cells were washed with DPBS. The DPBS was aspired again, and EDTA-Trypsin was
addedtothe cells. The closed cultureflask was incubated for 5min under physiological conditions. The
detachment of the cells was supported with a light tap from the outside of the culture flask and
checked with a microscope. The cell suspension was transferred into a reaction tube and centrifuged
for3 minat 750 x g. The supernatant was discarded, and the pellet solvedin 1mL mediafor subsequent

counting.

Determination of the cell number
To perform all experiments underthe same conditions, itis crucial to work with thesame cell numbers

forevery experiment. Dilutions of the cell suspension were prepared in a96-well plate (1:4- 1:32) with
Trypan blue. The Trypan blue staining is based on the principle, that vital cells with intact cell
membranes are not colored. Since alive cells have asemi permeable membrane, they will not take up

the dye, whereas the dye passes the membrane in dead cells. Hence, alive cells will reveal a clear
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cytoplasmunderthe microscope, whereas dead cells appearas blue colored. Because viable cells are
excluded fromthe staining, this technique is alsodescribed as a dye exclusionmethod (Strober, 2015).
In this case, the cell number in a suspension was determined with the help of a Neubauer improved

cell counting chamber using the following formula:
Cells/mL=counted cells persquare x dilution factor x chamber factor 10*

10 pl of the cell suspension was diluted as stated before and 10 ul of the cell- Trypan blue- compound
was added into the Neubauer chamber. The cells were counted under the microscope and the final

cell numberwas determined with the aforementioned formula.

Cryoconservation of cells
To conservate cellsovera longer duration of time, the cellswere stored at -196 °C in liquid nitrogen.

Therefore, aspecial cryo medium containing DMSO and high amounts of FCS was used. The lipophilic
DMSO reduces the water content of the cell and thus prevents the formation of ice crystals, which
could rupture the cell membrane. FCS contains a natural mix of growth factors, hormones, and
nutrients that support cell survivaland proliferation. Alike to passaging, the cells were first trypsinized
and spinned down. The pellet was solvedin cryo medium (1x10° cells/mL), transferredinto a cryo tube
and frozenin a freezing container filled with isopropanol for one day at -80 °C. Isopropanol provides a
cooling rate of -1 °C/min which is required for a successful cell cryopreservation and recovery. Later

on, the cellswere storedinaliquid nitrogen tank at -196 °C.

Reactivation of cryo conserved cells
Firstthe medium was prewarmedinawaterbath at 37 °C. The cryo tubes containing the desired cells

were removed from the nitrogen tank and thawed in the water bath for 2 min. The tube was
disinfected through dipping severaltimesinto 70 % Ethanol. The thawed content was transferred into

aT75 cell culture flask prepared with 10 ml preheated Endothelial cell growth medium.

Cell stimulation
For cell stimulation, the cells were passaged and counted. The concentration of the cell suspension

was setto 0.1x10%/mL, so 0.05x10° cells were seeded in 0.5 mL perwell on a 24-well plate. The media
was changed every two days until the cells were confluent (usually between day two and three). For
the stimulation, the respective substance was added to the cellsin the indicated concentration for the

indicated amount of time and incubated under physiological conditions.
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2.2.3 Experiments

The transendothelial electrical resistance (TER, Ohm's Law Method)
TER of a cellular monolayer is a quantitative measurement for the integrity of the barrier. A classical

setup for TER measurement is built from a cellular monolayer, that grows on semipermeable filter
membranes, that help developing the apical and basal compartments of the cells. To measure the
electrical resistance, two electrodes are used, commonly called chopstick electrodes: one electrode is
placed in the lower and one in the upper compartment. The electrodes contain a silver or silver
chloride pelletfor measuring voltageand asilver electrode forthe passing current. The electrodesare
separated by the cells. Inthe classical TER systems (Voltohmmeter) an alternating current (AC) square

wave is usedto avoid any effects onthe cells.

The measurement procedure includes measuringthe blank resistance (Rsiank) of the filter insert only
and the resistance across the cell layer on the semipermeable membrane (Rora). The cell specific

resistance (Ryssue) in units of Ohm (Q), can be obtained as:

RTISSUE(-O) = RTOTAL - RBLANK;

where resistance is inversely proportional (Srinivasan et al., 2015) to the effective area of the

semipermeable membrane (Magea) Which is reported in units of cm?.

Rrssue o¢ 1 /M agea

TER values are reported (TERggporten) in Units of Q.cm? and calculated as:
TERREPORTED = RTISSUE(Q) X MAREA (sz) (Watson et al., 2013, Haorah et al., 2008)

Dependingonthe well orfiltersize, the appropriate volume was chosen. First, mediawas added in the
lower, than intothe upper compartmentto moist the filters (2 h or overnightinthe incubator). Cells
were seeded in the respective density according to manufacturer’s instructions onto the filter. To
determinethe differentiated monolayer, the TER was measured, reaching the plateau after 3days. For
all experiments at least one blank control (without cells) and one media control (cells in untreated
culture media) were included. Forall stimulations, the Oh value was measured before the application

of the treatment solutions as a reference.

Immunofluorescence staining for localization microscopy
The treatment solution was removed from the trans wells and the cells were fixed for 5 min with

absolute EtOH in -20 °C. The fixative was removed and washed five times with DPBS. For
permeabilization of the cells, 0.5 % Triton X in DPBS were added and incubated for 8 min at room
temperature. After washing five times with DPBS, 5 % BSA in DBPS were added andincubatedfor 1 h
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at room temperature to block unspecific binding sites. The anti-Cld5 488 was added 1:200 and
incubated overnightat4 °C. The next day, the solution was removed and washed five times with DPBS.
The firstantibody was fixed with 4 % PFA for 20 min at room temperature. The fixative was removed
and washed five times with DBPS. To start with the second immunostaining, again 5% BSA in DBPS
were added and incubated for 1 h at room temperature to block unspecific binding sites. Anti-ZO-1
647 was added 1:200 and incubated for 1 h at room temperature. The solution was removed and
washed five times with DPBS. For nuclearstaining, 30nM DAPlin ddH,0 were incubated for 15 min at
room temperature. The solution was removed and the filters with the fixed and stained cells were cut
out using 23-Gauge needlesand placed on a glass slide. 10 ul of antifading mount medium was added
and the cover slip was put on top. Before imaging, the slideswere hardened for24 h protected from

light at room temperature (Bartosovaetal., 2020).

In Situ Trypan blue staining
The cells were cultured on glass coverslipsin 24-well plates and treated as indicated. Using a centrifuge

plate attachment, the plates were spinned at 200 x g. The media was removed, and the cells were
washed for 3 min with DPBS and recentrifuged as described above. The wash was removed, and a 0.2
% Trypan Blue solution was added for 1 min. The Trypan Blue solution was removed, and cells were
immediately fixed with4 % PFA, pH 7.5, for 10 min at 2022 °C. After fixation, cells were rinsed 34
times with DPBS with gentle shaking until the fluid was clear of any residual blue color. The coverslips
were gently lifted to free Trypan Blue from underneath. The coverslips were dehydrated through
sequential ethanol washes(1mineachin70% and 95 %, 3x for 1 minin 100 %), followed by immersion
in ROTICLEAR® clearant (a xylene substitute). Finally, the coverslips were mounted onto glass slides

witha ROTI®Mount (Perry etal., 1997).

Paracellular permeability assay
The paracellular permeability assay givesinsightinto TJ integrity, aswell as the rates of size-selective

paracellular permeability in vitro. A known concentration of a labeled (apical) and unlabeled (basal)
agentis addedintothe treatmentsolutions. Afterthe indicated time, asmall amount from the basal
compartmentis analyzed forfluorescence, using a prepared standard curve and a fluorescence plate

reader (Ruiz-Remolinaetal., 2017).

For the standard curve an eight-point dilution series of the labeled molecule (in this case different
molecular weight Dextrans) was prepared starting at 50 pg/ml. The stock solutions were added in

duplets (100 pl/well) on a black 96 well plate. Finally, the basolateral solutions were transferred in
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dupletsinadilution of 1:100 in DPBS onto the plate. The plate was analyzed with a fluorescence reader
in excitation 520 nm and emission 590 nm. The amount of diffused dextran is calculated by the

calibration curves.

Bicinchoninic acid assay
This method uses bicinchoninic acid (BCA) as the detection reagent for Cu+1, which is formed when

Cu+2 isreduced by proteinsin an alkaline environment (Smith etal., 1985). A purple reaction product
is formed by the chelation of two molecules of BCA with one cuprous ion (Cu+1). This water-soluble
complex exhibits astrongabsorbance at 562 nm that is linear with increasing protein concentrations.
The macromolecular structure of proteins, the number of peptide bonds and the presence of four
amino acids (cysteine, cystine, tryptophan and tyrosine) are reported to be responsible for color

formation with BCA (Wiechelmanetal., 1988).

Nine BSA standards were preparedinarange from0-200 pg/ml. 150 uL of each standard or unknown
sample replicate was pipetted into a 96 well plate. 150 pL of the work reagent was added to each well
and mixedthoroughly on aplate shakerfor30sec. The plate was covered andincubated at 37 °C for 2
h. The plate was cooled to room temperature and the absorbance was measured at 562 nmon a plate
reader. The average 562 nm absorbance of the blank standards was subtracted from the 562 nm
reading of all standard and unknown samples. The standard curve was prepared by plotting the
average Blank-corrected 562 nm reading for each BSA standard vs. its concentration in pg/ml. The

standard curve was used to calculate the protein concentration of the samples (Abcam 2023).

Zymography
Zymography is an electrophoretic technique for the detection of hydrolytic enzymes, based on the

substrate repertoire of the enzyme (Vandooren etal., 2013). In detail, gelatinin a polyacrylamide gel
will be digested by active gelatinases running through the gel. After Coomassie staining, the degraded

areas are visible as pale bands against a darkly stained background (Abcam 2017).

For the zymography, apical supernatants of 5 transwell experiments were concentrated with 30 K
centrifugal filter units (4000 x g, 10 min). The protein concentration was determined with Micro BCA
Assay. 10 pg protein in 4x sample buffer were loaded in duplets onto the gel, which was run for 110
min, 200 V. After electrophoresis the gel was removed and incubated in 1x Zymogram Renaturing
Buffer for 30 min at room temperature with gentle agitation. The buffer was decanted and 1x
Zymogram Developing Buffer was added to the gel. The gel was equilibrated for 30 min at room

temperature with gentle agitation. The gelwas incubatedovernightat 37 °C. The staining solution was
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prepared as instructed with the Colloidal Blue Staining Kit. The gel was shaken in staining solutionfor
3 h. The staining solution was removed, and the gel was washed with deionized water (Abcam 2017).

After “sandwiching” into a plasticwrap, the picture was taken with a light scanner.

FACS
Cellswere treated asindicated and washed with DPBS before detaching with EDTA-Trypsin for 5 min.

The reaction was stopped with Stop medium and the solution was transferred into a round bottom
polystyrenetube and spinned down for 3minat 750 x g. The supernatant was discarded, and the pellet
was washed twice with 500 pl Iso buffer for 3 min at 750 x g. After discarding the supernatant, cells
were fixed with 250 pl of 4 % formaldehyde and incubated for 15 minat 37 °C inthe water bath. The
cellswere spinned down for3 minat 750 x g and were washed twice with 500 pl Iso bufferfor3 min
at 750 x g and the supernatant was discarded. Cells were resuspended in 100 pl Iso buffer and
permeabilized by addingice-cold 100% methanol to the prechilled cells, to afinal concentration of 90
% methanol. The tubes were incubated for 25min on ice. To remove the methanol, cells were washed
twice excessively inIso buffer by centrifugation for 3 minat 750 x g. Afterdiscardingthe supernatant,
the cells were resuspendedin 100 pl of diluted antibody (1:100) and incubated at room temperature
for 1 h, protected fromlight. The incubation was stopped by adding excessive Iso bufferand washing
by centrifugation at 750x g for 3 min. The supernatant was discarded. Afterafinal washwith Iso buffer
the cells were spinned down againfor 3 minat 750 x g, the supernatantwas discarded, and the cells
were resuspended in 500 pl iso buffer and were analyzed in the flow cytometer (Cell Signaling

Technologies, 2020). The gating strategy is describedin Fig. 3.
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Figure 3: FACS Gating Strategy for HUVEC

Forward versus side scatter (FSC vs. SSC) gating was used to identify HUVEC based on size and granularity (left panel). To exclude doublets,

side scatter height (SSC-H) vs.side scatter area (SSC-A) plot were used (right panel).

2.2.4 Commercial Assays

Enzyme-linked Immunosorbent Assay (ELISA)
An ELISA is an antibody-based assay used for quantitative protein measurements but is also able to

detectlowermolecular compounds like pesticides, hormones, and toxins. The whole assay is based on
the property of specificantibodies that bind to the antigen to be detected. Anotherantibody is linked
to a reporter enzyme (e.g., horseradish peroxidase or alkaline phosphatase), which catalyzes a
substrate into a colorimetric, fluorescent, or chemiluminescent product. The catalyzed reaction of the

reporterenzyme serves as verification for the presence of the antigen.

The signal strength of the antigen concentration can be precisely determined with a photometer.
Multiple measurements carried out can also be used for quantitative detection. The sample
concentration is calculated by comparison to a dilution series with known concentrations of the

antigen of interest by astandard curve (Engvall and Perlmann, 1971).

The different ELISAs were performed according strictly to the manufacturer’sinstructions. In general,
a surface is prepared to which a known quantity of capture antibody is coupled. The target standard
in known concentration and the antigen-containing sampleis appliedto the plate and captured by the
bound antibody. The plate is washed to remove all unbound antigen. An antigen specific detection
antibody is added to the plate. Here, it is possible to either use an already enzyme linked de tection
antibody, or another unlabeled detection antibody is added binding the detection antibody. Finally,
the substrate isadded, andis convertedinto adetectableform. For detectiona microplate reader with

the according wavelengths was used (R&D Systems, 2017).
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Human Active MMP-1 Fluorescent Assay
The assay is a fluorometric assay to quantitatively measure enzyme activity. A monoclonal antibody

specific for human MMP-1 is precoated onto a black microplate. Added Standards and samples
containing MMP-1 are bound by the immobilized antibody. After washing a fluorogenic substrate
linked to quencher molecules is added and any active enzyme present will cleave the connection
between the fluorophore and the quencher molecule. The cleavage extinguishes the distance
depending on resonance energy transfer between the fluorophore and the quencher molecule,

emitting the fluorescent signal thatis proportional to the active enzyme inthe sample.

The procedure was performed according to the manufacturer’s recommendations. Each well was
added 100 pl of Assay Diluent and 150 pl of sample or standard. The plate was incubated at room
temperature on a horizontal plate shaker. The wells were washed four times withWash Buffer. 200 pl
of p-amino phenylmercuric acetate (APMA) were added only to the standards. To measure only
endogenous levels of active MMP-1 in samples, instead of APMA, 200 pl of Reagent Diluent 2 was
added. The plate was incubated in a humidified chamber at 37 °C and protected from light. After
washing, 200 ul of substrate was added and the plate wasincubated for 20 h ina humidified chamber
at 37 °C and protected from light. The relative fluorescence units (RFU) were determined using a
fluorescenceplatereaderwithexcitationwavelength 320nm and e mission wavelength setto 405 nm;

endpointmode; 1x 20 mS integration time; plate speed 6 (R&D Systems, 2017).

Lactate Dehydrogenase (LDH) Assay
The LDH assay is a cell death / cytotoxicity assay used to determine the level of plasma membrane

damage in a cell population. LDH is present in all cell types and rapidly released into the cell culture
supernatants when the plasma membrane is damaged. The LDH assay protocol is based on an
enzymaticcoupling reaction: LDHreleased from the cell oxidizes lactate to generate NADH, which then
reacts with water-soluble tetrazolium salts (WSTs) to produce a yellow color. The intensity of the

produced color correlates directly with the number of lysed cells.

First, 3x10* cells / well were seeded on a 96 well plate in triplicates. The next day, the treatment was
applied. LDH Positive Control was reconstituted with 100 pl of LDH Assay Buffer. For a background
control, only culture medium was used, and the values were subtracted from all othervalues. Forthe
low control, triplicates of cells in culture medium were used, for the high control triplicates of cells
with cell lysis solution were used. The test samplesin triplicates weretreatedas indicated. The medium
solutions (10 ul/ well) were transferred into an optically clear 96-well plate. WST Substrate Mix was
reconstituted in 1.1 ml ddH20 for 10 min and mixed thoroughly. 200 pl of WST Substrate Mix was
mixed with 10.0 ml of LDH Assay Buffer. 100 pl LDH Reaction Mix was added to each well, mixed and
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incubated for30 minatroom temperature. Theabsorbance of all controls and samples were measured
with a plate reader equipped witha 450 nm (440 nm - 490 nm) filter. The reference wavelength was

650 nm.
Data analysisis calculated as:

Cytotoxicity (%) = ((Test Sample —Low Control)/ (High Control —Low Control)) X 100 (Abcam 2017).

Caspase Assay
The Caspase-Glo® 1 Inflammasome Assay is a bioluminescent method to measure the caspase-1

activity, an essential component of the inflammasome. After caspase cleavage of the Z-WEHD
substrate (Z-WEHD-aminoluciferin), asubstrate for luciferase (aminoluciferin) is released, resultingin
luciferase activity and the production of light by a proprietary, thermostable, recombinant luciferase.
The selective caspase-1 substrate (Z-WEHD) enables the detection of catalytically active caspase-1in
cells or culture media and the quantitative measurement of inflammasome activity. The inclusion of
the proteasome inhibitor MG-132 in the reagent eliminates non-specific cleavage of the proteasome
substrate, allowing sensitive detection of caspase-1. The assay includes a caspase-1 specific inhibitor
(Ac-YVAD-CHO) to confirm specific activity in parallel samples and to discriminate caspase-1 activity
from other caspases. Cells were grown in white opaque-walled multiwell tissue culture plates. Plates
were allowed to equilibrate at room temperature for 5 minutes. 100 pL of Caspase-Glo® 1 Reagent
was added to half of the wells of the 96-well plate containing 100 pL of blank, negative control cells,
ortreated cellsin culture medium. 100 pl of Caspase-Glo®1YVAD-CHO reagent was added to the other
half of the plate. The plate was covered and mixed gently with a plate shaker at 300-500 rpm for 30
seconds. Inorderto stabilize the luminescence signal, the platewasincubated atleast 1hour at room
temperature. Luminescence was measured using a plate meter luminometer according to the
luminometer manufacturer's instructions. All experiments were performed as three independent

experiments (Promega 2019).

Cytokine Array
Antibody arraysimmobilize a capture antibody onto asolid substrate, such asamembrane. For planar

surface arrays, different capture antibodies with known binding specificities are spotted onto a
nitrocellulose membrane in an addressable format. After adding the sample, a biotinylated antibody

isincubated. Finally, labeled streptavidinis added, and the data can be analyzed and graphed.

The components were allowed to equilibrate to room temperature. One membrane per well was

prepared. 2 ml of Blocking Buffer was pipetted into each well and incubated for 30 minutes at room
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temperature. After aspirating, 1 ml of diluted or undiluted sample was added into each well and
incubated for 2 h at room temperature. After aspirating samples from each well with a pipette, 2 ml
of 1X Wash Buffer| was addedinto each well andincubated for5 minutes at room temperature. This
was repeated fora total of 3 washes using fresh bufferand aspirating out the buffer completely each
time. 2 ml of 1X Wash Buffer Il was added into each well and incubated for 5 minutes at room
temperature. This was repeatedforatotal of 2 washes using fresh buffer and aspirating out the buffer
completely each time. 1 ml of the prepared Biotinylated Antibody Cocktail was added into each well
and incubated for 2 h at room temperature. The Biotinylated Antibody Cocktail was removed from
each well and the membranes werewashed 3x with Wash Buffer | and 2x with Wash Bufferl.2 ml of
1X HRP-Streptavidin was added into each well and incubated for 2 h at room temperature. The HRP-
Streptavidin was removed from each well and the membranes were washed 3 x with Wash Buffer |
and 2x with Wash Buffer|l. The membranes were transferred, printed side up, onto asheet of blotting
paperlyingonaflatsurface (such asa benchtop). Any excess wash buffer was removed by blotting the
membrane edges with another piece of paper. The membranes were transferred and placed, printed
side up, onto a plasticsheetlyingon a flat surface. Permembrane, 250 ul of Detection Buffer C + 250
ul of Detection Buffer Dwere gentlyadded onto each membrane and incubated for 2 minutes at room
temperature. Immediatelyafterwards, another plasticsheet was placed on top of the membranes.The
membranes were "sandwiched" between two plastic sheets. The sandwiched membranes were

transferred tothe CCD camera and exposed (Raybiotech, 2019).

2.2.5 Statistics
Resulting study data were entered into an electronic database (Microsoft® Excel 2016, Microsoft

Corporation, Redmond, USA) and evaluated using Graphpad Prism for Windows (Version 9.0.2,
GraphPad Software, San Diego California USA). Data were visualized using mean values with
connecting line charts, bar charts, or for survival Kaplan-Meier plots. Correlation was visualized in
scatter (xy) plots. The Kolmogorov-Smirnov test was applied to check for normal distribution. Due to
non-normally distributed data, non-parametric methods for evaluation were used. The Gehan-
Breslow-Wilcoxon test was used to compare two or more survival distributions. TERs, paracellular
leakage, EB concentrations, Ans concentrations, relative AGE-DAB positivity and IF intensity of two
groups at individual time points were compared using Mann-Whitney-U-Test. A p-value < 0.05 was
considered statistically significant. Concerning symbolism: not significant: ns, p <0.05: *, p <0.01: **,

p < 0.001: ***, p < 0.0001; ****,
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3 Results

3.1 Endothelial barrier integrity and paracellular transport in vitro

3.1.1 MG impairs the endothelial barrier by disturbing the monolayer integrity and
increasing paracellular leakage
We hypothesized that MG might contribute to the disturbance of the endothelial barrier during

development of septic shock. To assess the impact of MG on endothelial integrity, primary HUVEC
were used, and the barrier function was evaluated by measuring the TER of HUVEC monolayers
exposed to MG over a 5-hour time course. Because of the relative instability, MG was adjusted in 2-
hour intervals (Fig. 4a). MG dose- and time-dependently reduced the TER of HUVEC monolayers (Fig.
4b). Comparable courses could be observed after single exposition to LPS (Fig. 4c) and TNF (Fig. 4d).
Tofurtherassessif the dropin TER was related to increased paracellularleakage, the measured relative
concentrations of 70 kDa dextran were comparedin Fig. 4with increasing MG doses after 2 hours (Fig.
5a) and after 5 hours (Fig. 5b). Matching the observed TER reductions in Fig. 4, a dose and time-
dependentincrease inthe paracellularleakage could be observed at both time points (Fig. 5a, b) with
increasing MG dosages. A direct comparison of the paracellular leakage of each concentrationin the

described time course isgiveninFig.5.
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Figure 4: MG impairs the endothelial barrier comparable to LPS and TNF

a) Dose titration scheme of MG administration for TER measurements. The given MG concentration was generated incell media. Every 2 h
the desired concentration was restored inthe apical compartment. b) Time course of TER of HUVEC monolayers under MG-treatment relative
to MG-free media control. Treatment was repeated every 2 h. c) Time course of TER of HUVEC monolayers undersingle LPS or d) singe TNF
administration relative to LPS- respectively TNF-free media control. Concentrations asindicated. Each pointrepresents mean values of TER

from n=6, standard deviations (SD) are presented below.
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Figure 5: MG leads to increased paracellular leakage

a) 2 h paracellularleakage of a HUVEC monolayer for 70kDa dextran under repeatedincreasing MG treatmentrelative to MG-free control.
b) 5 h paracellular leakage of a HUVEC monolayer for 70 kDa dextran underrepeatedincreasing MG treatment relative to MG -free control.
¢) Comparing bar graphs of the paracellular leakage under repeatedincreasing MG treatments relative to MG-free control. Concentrations
as indicated. Data represent mean values of transport fromn=6 and SEM. Mann- Whitney U-test, concerning symbols: * p<0.05, ** p<0.01.

3.1.2 Anserine prevents effects of patho- and supraphysiological MG doses
Given that MG impairs the endothelial barrier in vitro, next it was examined whether Ans is able to

shield the harmful effects of pathophysiological MG doses. For the Ans cotreatment, MG and Ans were
givenat the same time and MG administration was repeatedin 2-hour intervals, LPS was only added
at the start (Fig. 6a). TER was observed over a time course of 5 hours. A single Ans cotreatment
prevented the MG induced TER drop significantly at 1 hour and stably over 5 hours (Fig. 6b).
Furthermore, asingle Ans cotreatment was able to prevent notonly LPSinduced TER drop at the time
point of 5 hours (Fig. 6¢), but also when MG and LPS were combined (Fig. 6d). In the measurementof
4 kDa dextran paracellular leakage, the single Ans treatment significantly decreased the molecule
transport at the time point of 5 hours, regardless of whether MG was used alone or in combination
with LPS (Fig. 6e). The same trend emerged for the transport of 10kDa molecules, withthe effect being
statistically significant only for the combination of MG and LPS (Fig. 6f). When incubated with
supraphysiological dosages of 500 UM MG, Ans treatment was repeated withevery MG administration
(Fig. 7a) in intervals of 2 hours and TER was observed overa time course of 5 hours. Ans was titrated
to a maximum of the same proportionate dose as the pathophysiological MG concentration. In fact,
the same dose-response relationship could also prevent the complete loss of resistance of the

supraphysiological MG dosage, whereas the next smaller Ans dosage only seemed to have an
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improving effect afterthe second administration (Fig. 7b). The individual time courses of the increasing

concentrations of Ansare showninFig. 7c.
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Figure 6: Ans prevents MG-induced TER loss and improves paracellular leakage of small molecules

a) Scheme of Ans administration for TER cotreatment measurements. The given MG concentration was generatedin cell media.Every 2 h
the desired concentration was restored in the apical compartment.b) Effect of repeated MG and single Ans cotreatment on the TER of a
HUVEC polarized monolayerrelative to MG-free control. c) Effect of single LPS and single Ans cotreatment on the TER of a HUVEC polarized
monolayer relative to MG-free control. d) Effect of repeated MG, single LPS and single Ans cotreatmenton the TER of a HUVEC polarized
monolayer relative to MG-free control. e) 5 h paracellular leakage of a HUVEC monolayer for 4 kDa dextran under repeated MG treatment
(1.5 uM), single LPS treatment (1 pg/ml) or combined repeated MG (1.5 uM) and single LPS (1 ug/ml) treatmentwithand without Ans (0.5
mM), relative to MG-free control. f) 5 h paracellular leakage of a HUVEC monolayer for 10 kDa dextran under repeated MG treatment (1.5
UM), single LPS treatment (1 ug/ml) or combined repeated MG (1.5 pM) and single LPS (1 pug/ml) treatment with and without Ans (0.5 mM),
relative to MG-free control. Concentrations as indicated. Mann-Whitney U test; concerning symbols: * p<0.05, ** p<0.01. Data represent

mean values of TER or transportfrom n=6 and SEM.
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Figure 7: Ans prevents TER loss and paracellular leakage of supraphysiological MG dosages

a) Scheme of Ans administration for supraphysiological TER cotreatment measurements. The supraphysiological MG concentration of 500
UM was generatedincell media. Every 2h MGand Ans were restored in the apical compartment. b) Time course of TER of HUVEC monolayers
under supraphysiological MG-treatment (500 uM) andincreasing Ans doses relative to MG-free media control. MG and Ans treatment were
repeated every 2 h. Each point represents mean values of TER from n=6, standard deviations (SD) below. c) Compa ring bar graphs of a
supraphysiological MG dosage andincreasing Ans dosages relative to MG-free control. d) 5 h Paracellular leakage of a HUVEC monolayer for
70 kDa dextran under repeated supraphysiological MG treatment and increasing Ans concentrations relative to MG-free control.

Concentrations asindicated. Mann-Whitney U test; concerning symbols: ** p<0.01. Data represent meanvalues of TER or transportfrom
n=6 and SEM.

Next, it was tested, whetherthe protective effect of Ans could be further enhanced by a prophylactic
treatment (=pretreatment). For this purpose, the cells were pretreated 2 hours beforehand with a
single dosage of Ans and then again, every 2 hours with the pathophysiological dosage of MG and if
indicated, a single dosage of LPS (Fig. 8a). Ans pre-treatment achieved comparable effects to co-
treatment (Fig. 6b, d), regardless of whether MG was used alone (Fig. 8b) or in combination with LPS
(Fig. 8c). To testwhether Ans was able to restore the endothelial integrity afteran MG-induced injury
(=posttreatment), a single dosage of Ans was added 3 hours after the start of MG and MG+LPS

exposure (Fig. 8d). TER was all together observed in total over 5 hours. The Ans posttreatment
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significantly re-established the TER previously decreased by MG and restored a comparable level of
resistance to that of the MG-free medium control (Fig. 8e). A comparable effect was observed when

inducingthe TER loss with a combination of MG and LPS (Fig. 8f).
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Figure 8: Ans shows TER restoring effects

a) Scheme of Ans administration for TER pretreatment measurements. Cells were pretreated 2 h before MG administration. The gi venMG
concentration was generatedin cell media. Every 2 hthe desired concentration was restored in the apical compartment. b) Effect of repeated
MG and single Ans pretreatmenton the TER of a HUVEC polarized monolayerrelative to MG-free control. c) Effect of repeated MG, single
LPS and single Ans pretreatment on the TER of a HUVEC polarized monolayer relative to MG-free control. d) Scheme of Ans administration
for TER posttreatment measurements. After 3 h of repeated MG treatment or repeated MG- and single LPS treatment, a single dose Ans was
added. e) Effect of repeated MG and single Ans posttreatment on the TER of a HUVEC polarized monolayerrelative to MG-free control. f)
Effect of repeated MG, single LPS and single Ans posttreatmenton the TER of a HUVEC polarized monolayer relative to MG -free control.
Concentrations asindicated. Mann-Whitney U test; concerning symbols: ** p<0.01. Data represent meanvalues of TER from n=6 and SEM.
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3.1.3 The effects of Anserine exceed those of previously described scavengers
To prove the scavenger activities of Ans, different medications respectively described MG-scavengers

were tested in the TER system as cotreatments. All the medications were given at the same time as
the first MG dosage and MG treatment was repeated in 2-hour intervals (Fig. 9a). Cns significantly
prevented the TER lossinduced by MG alone (Fig. 9b) and MG and LPS (Fig. 9d) at 1 hour, howeverit
could not be obtained over5 hours (Fig. 9b, d). For LPS treatment alone, Cns cotreatment showed no
differences at any time point (Fig. 9c). The effect of the AG co-treatment was exactly the opposite: at
the time point of 1 hour, no effect was seen with eitherMGalone (Fig. 9e) or in combination with LPS
(Fig.9g), but there was a significant difference in both cases after5 hours (Fig. 9e, g). AG cotreatment
significantly prevented the TER lossinduced by LPSalone at 1 hour, howeverit could not be obtained
over 5 hours (Fig. 9f). Cotreatment with the antioxidant NAC did not show any effect at any time point
with MG alone (Fig. 9h), however for LPS, NAC cotreatment significantly improved TER after 5 hours
(Fig. 9i). A similar effect was observed for the combination of MG and LPS after 5 hours (Fig. 9j),

whereby the effect appeared probably due to the LPS.

3.1.4 MG disrupts endothelial barrier proteins
It was theninvestigated whether the loss of TERinduced by MG and improved with the Ans treatment

was dependentfrom a loss or restructuring of TJs or TJ associated proteins. Therefore, the TJ claudin
5 and the TJ associated protein ZO-1were chosen. Pathophysiological doses of MG were sufficient to
induce a loss of claudin 5 as well as ZO-1 at 5 hours. Anserin cotreatment visually improved the
distribution of those endothelial barrierforming proteins. When combined with LPS, MG rather led to
a redistribution or clustering of claudin 5and ZO-1 which also could be improved by Ans cotreatment
(Fig. 10a). The densitometricanalysis revealed and confirmed a highly significant rarefication of claudin
5 (Fig. 10b) and ZO-1for both MG alone and combined MG and LPS (Fig. 10c), which could be improved

with a single Ans cotreatmentin both cases (Fig. 10b, c).
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Figure 9: MG-scavengers and antioxidants show moderate effectsin MG-induced TER loss

a) Scheme of substance administration for TER cotreatment measurements. The given MG concentration was generatedin cell media. Every
2 h the desired concentration was restored in the apical compartment. b) Effect of repeated MG andsingle Cns cotreatment on the TER of
a HUVEC polarized monolayer relative to MG-free control. c) Effect of a single LPS and a single Cns cotreatment on the TER of a HUVEC
polarized monolayerrelative to MG-free control. d) Effect of repeated MG, a single LPS and a single Cns cotreatmenton the TER of a HUVEC
polarized monolayer relative to MG-free control. e) Effect of repeated MG and a single AG cotreatmenton the TER of a HUVEC polarized
monolayer relative to MG-free control. f) Effect of a single LPS anda single AG cotreatment on the TER of a HUVEC polarized monolayer
relative to MG-free control. g) Effect of repeated MG, asingle LPSanda single AG cotreatment onthe TER of a HUVEC polarized monolayer
relative to MG-free control. h) Effect of repeated MG anda single NAC cotreatment on the TER of a HUVEC polarized monolayer relativeto
MG-free control. f) Effect of a single LPSand a single NAC cotreatmenton the TER of a HUVEC polarized monolayer relative to MG -free
control. g) Effect of repeated MG, a single LPS and a single NAC cotreatment on the TER of a HUVEC polarized monolayer relative to MG-free
control. Concentrations as indicated. Mann-Whitney U test; concerning symbols: * p<0.05, * p<0.01. Datarepresentmean values of TER
from n=6 and SEM.
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Figure 10: MG leads to disruption of endothelial barrier forming proteins

a) Representative immune fluorescence (IF) claudin 5 and ZO-1 stainings in HUVEC treated (from leftto right) with media, 1.5 uM MG, 1.5
UM MG + 0,5 mM Ans, 1.5 uM MG + 1 pug/ml LPS or 1.5 uM MG + 1 pug/ml LPS + 0.5 mM Ans for 5 h. MG was administered every2 h. Blue:
DAPI, 488 green: Claudin 5, 555 red: ZO-1. b) Bar graph of relative IF intensity of HUVEC stainedfor claudin 5. c) Bar graph of relative IF
intensity of HUVEC stained for ZO-1.

HUVEC were treated as indicated in a). Each bar represents mean IF intensity relative to media control. Pictures were taken i n 20-fold
magnification with an ACQUIFIER imaging system. Mann-Whitney U test, concerning symbols: * p <0.05; ** p <0.01; **** p < 0.0001; data
represent mean and SEM; the experiment was repeated for 3 times. From every image, six randomly selected excerpts were further
densitometrically analyzed for IF intensity on selected membrane areasin grey scales.
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3.2 Anserine effects in a murine model of sepsis (in vivo)

As a proof of concept, the aforementioned in vitro findingswereretranslated back into a mouse model
of sepsis. Therefore, the animals were pretreated with Ans in a dosage of 1.500 mg/kg bw i.p. every
12 hours for 3 days (72 hours) before surgery. From wound closure on, Ans was then used as a
posttreatment (after CLP) in a dosage of 1.500 mg/kgbw i.p. every 8 hoursfora maximum of 36 hours
for organ harvesting or 2 days (48 hours) for the survival analysis (Fig. 11a). For the survival analysis,
the animals were monitored for 7 days after CLP. The Ans treatment significantly improved survival
probability (60 % vs. 36.6 %, *p = 0.04) in CLP-induced experimental sepsis in mice (Fig. 11b). In
addition, the Ans-treated animals were significantly more stable in the clinical scoring and returnedto
a harmless range more quickly (data not shown). Ans concentrations in harvested organs were
measured at 6 hours, 24 hours, and 36 hours after CLP viaHPLC. In the kidneys, Ans concentration was
continuously and significantly increased within 36 hours up to 40-fold compared to the vehicle group,
whichreceived 0.9% NaCl instead of Ans(Fig. 11c). Lungand heart concentrations were only measured
at 6 and 24 hours. Ans concentration in the heart tissue was stably increased approximately 25-fold
over 36 hours (Fig. 11d), in the lung at 6 hours after CLP Ans concentration was increased
approximately 27-fold and after 36 hours still 17-fold compared to the vehicle group. (Fig. 11e). The
measurement of the plasma concentration of Ans couldonly be measuredat 6 hours and was 100-fold
higher than in the control group (Fig. 11f). At 6 hours the Ans plasma concentration correlated with
the tissue concentration of the heart (Fig. 11g) and the lung (Fig. 11h). For the same time points of 6
hours, 24 hours and 36 hours, the capillary leakage was determined through thei.v.injection of EB in
the tail vein. Although not significantly, the data revealed that Ans treatment reduced the capillary
leakage inthe analyzedtissues atalmost alltime points (Fig. 12). The most prominent differences were
observedat6 and 24 hours inthe lung, and small intestine (Fig. 12a, d) and at 36 hoursin the kidney
and heart (Fig. 12b, c), whereby the difference over 36 hours was most stable in the lung and small
intestine. Representative imagesin Fig. 12g and 12h visualize septic mice following CLP injected with

EB at the indicated time points.

Since the resultsof the investigations at the TJ level in vitro were relatively obvious, the lung and kidney
tissue of the 24-hour animals were also examined for ZO-1 and claudin 5. Unfortunately, the same
cleardifferencesasin the cell culture could not be determined. Visually there was no difference in ZO-
1 and claudin 5 distribution or quantity between the kidney tissues from Ans (Fig. 13a) and vehide
treated animals (Fig. 13b). However, the densitometric analysis in the kidney tissue of the 24 h CLP
animals, a slightly higher tendency for ZO-1 of Ans-treated animals compared to the vehicle control
could be determined (Fig. 13c, left panel), but for claudin 5 no difference appeared (Fig. 13c, right
panel). The opposite could be observed in the lung tissue of the 24 h CLP animals. Visually there

seemed to be slightlymore claudin5in the Ans group(Fig. 13d), while there wasno difference between
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Ansand NaCl treated animalsforZ0-1(Fig. 13e), the difference after densitometricanalysis for claudin
5 was more evident, but notsignificant (Fig. 13f, right panel). However, here too the optical differences
between the Ans-treated group and the vehicle control group were only marginaland not comparable

withthe results generated from cell culture.
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Figure 11: Ans improves survival of septic mice by stably increasing Ans tissue concentrations

a) Ans treatment regimen in a murine model of sepsis: C57/BL6 micereceivedan i.p.Ans pretreatment72 h before CLPevery 12 hand a
posttreatment (1.500 mg/kg bw) from wound closure every 8 h until organharvesting at 36h or until 48h. Controls received 0.9 % Nadl. b)
b) Survival probability [%] of mice up to 168 h following CLP, which were pre-and post-treated withvehicle (n =22) or Ans (n =20). Gehan-
Breslow-Wilcoxon test. c) Ans tissue concentrationsin the kidney of Ans and vehicle treated animals. d) Ans tissue concentrations in the
heart at6 h of Ansand vehicle treated animals. e) Ans tissue concentrationsinthelungat6 h and36 hof Ans and vehicle treated animals.f)
Ans plasma concentrationsat6 h of Ans and vehicle treated animals. Mann-Whitney U test; concerning symbols: * p<0.05, ** p<0.01, ***
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p < 0.001. Data represent mean values and SEM. g) 6 h correlation of Ans concentration from heart tissue and plasmasamples. h)6 h

correlation of Ans concentration fromkidney tissue and plasma samples.
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Figure 12: Ans improves capillary leak of septic mice

NaCl

a) Overview of EB concentrationin lung. b) Overview of EB concentration in kidney. c) Overview of EB concentration in heart. d) Overview of
EB concentration insmall intestine. e) Overview of EB concentrationin colon. f) Overview of EB concentration in skin. g) Exemplary image
of vehicle and Ans treated CLPmouse at24 h. h) Overview of EB concentrationin respective organsat36 h. Treatment described in Fig. 8a
Mann-Whitney U test; conceming symbols: * p<0.05. Data represent meanvalues and SEM.
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Figure 13: Ans effect of barrier forming proteins in vivo
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Representative IFclaudin 5 and ZO-1 stainings in kidney tissue of 24 h CLP septic mice, either treated with a) Ans orb) with 0.9 % Nadl. Blue:
DAPI, 488 green: Claudin 5, 555 red: ZO-1. c) Bar graph of relative IF intensity of kidney tissue of 24 h CLP septic mice, either treated with Ans
or 0.9 % NaCl (n=6). Left panel: ZO-1; right panel claudin 5. Representative IF claudin 5 and ZO-1 stainings in lung tissue of 24 h CLP septic
mice, either treated with d) Ans) or withe) 0.9 % Nadl. Blue: DAPI, 488 green:Claudin 5,555 red: ZO-1. f) Bar graph of relative IF intensity
of lung tissue of 24 h CLP septic mice, either treated with Ans or 0.9 % NaCl (n=6). Left panel: ZO-1; right panel claudin 5.
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Inorderto investigate the effect of Ans as a MG-scavengerin tissue respectively in vivo, both the lungs
and kidneys of the 24-hour CLP animals were examined for AGE distribution using
immunohistochemical staining. In fact, there werevisible differencesin the lungtissues of Ans treated
CLP-mice compared to the vehicle control groups (Fig. 14a). Correspondingly, immunohistochemical
guantificationdetectedsignificantly fewer AGEs in the lungtissue of the Ans treated animals (Fig. 14b).
The visual trend could also be verified in comparison of the kidney tissue of the septicanimals at the

24-hour time point (Fig. 14c) and the effect could even be provedto a significantly greater extent in

immunohistochemical quantification (Fig. 14d).
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Figure 14: Ans functions as an effective MG-scavenger in vivo

a) Representative images of AGE-DAB staining of lung tissue after 24 h CLP induced sepsis, treatment as indicated in Fig. 8a. b)
immunohistochemical quantification of AGE-DAB staining of lung tissue after 24 h CLPinduced sepsis, Mann-Whitney U test; Data represent
mean valuesand SEM of n=6. c) Representative images of AGE-DAB staining of kidney tissue after 24 h CLP induced sepsis, treatment as

indicatedin Fig.8a.d)immunohistochemicalquantificationof AGE-DABstainingofkidneytissueafter 24 h CLP inducedsepsis, Mann-Whitney
Utest; *p<0.05, ***p <0.001. Data represent mean values and SEM of n=6.

3.3 Mechanisms of action of MG and Ans in vitro

3.3.1 MG, Ans and the extracellular matrix
Afteran effect of MG and Ans on the barrier-forming proteins couldbe demonstrated in vitro and Ans

improved capillary deficiencies in vivo as well as reduced AGE formation in lung and kidney tissues,
possible mechanisms of action were investigated. First it was examined, whether the capillary leak,
respectively the decrease of TER in vitro by MG was caused by a breakdown of the extracellular matrix

by gelatinases (MMP2and 9) or collagenases (MMP1and 8). Therefore, HUVEC were pretreated for 2

62



hours with either gelatinase inhibitor (MMPi 2/9) or a collagenase inhibitor (MMPi 1/8). This was
followed by the MG administration regimen as previously described, adjusting the MG concentration
every 2 hours, and observing the TER foratotal of 5 hours after MG administration. The MMPi 1/8 was
able to reverse the loss of resistance up to a concentration of 150 uM MG and maintained resistance
at the level of the unstimulated, MG-free control. However, when the supraphysiological dosage of
500 uM was applied, the effect did not sustain (Fig. 15a). Interestingly, increasing MG concentrations
did not lead to reinforced shedding of the MMP1, but rather showed a reverse effect in MMP1
concentrationsin the collected supernatants (Fig. 15b). The observed dose -and time dependent effect
of MG in TER reduction was therefore notapplicable to MMP1 activity. The pathophysiological dosage
of 1.5 uM MG resulted in the highest activation of MMP1, whereas increasing dosages did not show
considerable effects on MMP1 activity in comparison to the MG-free control (Fig. 15c, left panel).
Supraphysiological dosages of MG, as well as Ans treatment only halved MMP1 activity in HUVEC.
Cotreatment of MG and Ans showed no difference in MMP1 activity, and also the combinedtreatment
of MG and LPS seemed not to increase the enzyme activity in HUVEC. Curiously, the cotreatment of
MG and LPS with Ans led to a significantly higher MMP1 activity and was comparable to that of MG
alone or of MG and Ans, although Ans alone rather showed a decrease. LPS alone did not lead to an
activation of MMP1 (Fig. 15c, right panel). Using the MMPi 2/9, the same TER tendency appeared as
for the MMPi 1/8, exceptthatthe resistance did not break off only at the supraphysiological MG dose
of 500 uM, but already at 150 uM (Fig. 15d). MMP2 concentrations did not alter with increasing MG
dosages (data not shown). No difference in MMP2 concentration could be detected between the
different treatment regimens, regardless of whether MG (with or without Ans), MG and LPS or LPS
alone were administered. Only the cotreatment of MG, LPS and Ansseemedtofall below the control
level (Fig. 15e). To examine MMP2 gelatinase activity, a zymography was performed from the
concentrated supernatants of the TER experiments. There was a very weak gelatinase activity in all
samples in general and no MG-titration effect in MMP2 activity. Only the supraphysiological dosage
ledtoa complete inhibition of gelatinase activity (Fig. 15f, left panel). Ans cotreatment did not lead to
a change in MMP2 or gelatinase activity in any of the cases, regardless of the MG treatment or in

combination withLPS (Fig. 15f, right panel). MMP9 could not be detected in any case (data not shown).
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Figure 15: MG in pathophysiological dosages activates MMP1

a) Effect of repeated and increasing MG dosages and a single MMP1/8 inhibitor 2 h pretreatment on the 5 h TER of a HUVEC polarized
monolayer relative to MG-free control (n=6). b) MMP1 concentration from n=6 up-concentrated supernatants from MG dose titration. c)
MMP1 enzyme activity from MG dose titration of up-concentrated supernatants (1:500, left panel) and pathophysiological MG dosages with
indicated treatments (1:500, right panel), each n=3. d) Effect of repeated and increasing MG dosagesand a single MMP2/9 inhibitor2 h
pretreatment on the 5 h TER of a HUVEC polarized monolayer relative to MG-free control (n=6). €) MMP2 concentration from n=6
supernatants from MG stimulation. Treatment: 1.5 uM MG, 1.5 uM MG +0.5 mM. Ans, 1.5 uM MG + 1 pug/ml LPS, 1.5 uM MG +1 pg/ml LPS
+0.5 mMAns, 1 ug/ml LPS. Datarepresent meanvalues and SEM of n=6. f) Exemplaryzymography of up-concentrated supernatants from

n=6 MG dose titrations asindicated (left panel) or (from left to right) 1.5 pM MG, 1.5 uM MG + 0.5 mM. Ans, 1.5 uM MG + 1 pg/ml LPS, 1.5
UM MG +1 pg/ml LPS+0.5 mM Ans. The experimentwas repeated for 3 times.
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3.3.2 Immunological effects of MG
To examine the immunological effects of MG on endothelial cells, human cytokine antibody arrays

were used to detect over 60 human proteins in the cell culture supernatants. Therefore, the
pathophysiological dosage of MG (1.5 uM) and the supraphysiological dosage of 500 uM were used.
Ans was placedinthe same effective relationship. Forthe high MG dosage, an increased rele ase was
observed for almost all cytokines, which in almost all cases could be prevented by the co-treatment
with Ans or showed lower values. For a wide range of interleukins, including IL-1beta, IL-8 and IL-6,
which are particularly associated with endothelial inflammation, the pathophysiological dosage was
already sufficient to triggera cytokine release. A similar picture emerged for various soluble receptors,
including soluble TNF receptors (STNFR), soluble and membrane-bound IL-6rs and eotaxins, as well as
granulocyte colony-stimulating factor (G-CSF), granulocyte colony-stimulating factor (GM-CSF) and
ICAM-1. However, with the pathophysiological MG dosage, Ans cotreatment did not always show an
“anti-inflammatory” effect but raised in some cases the cytokine secretion up to the levels of the
supraphysiological MG dose. In some cases, MG even showed a decreased cytokine expression
compared to the MG-free control (Fig.16). In summary, no clear general statement can be made about
MG and inflammatory cytokines. Thereis no clear dosage-dependent effect on inflammatory cytokines
and there is also no clear anti-inflammatory spectrum of action for Ans. However, the meaningful
results of the pathophysiological MG dosage inrelationto IL-1betawere furtherinvestigated because
of their importance within the context of sepsis. Because of the presence of IL-1beta after MG
treatment, the caspase-1activity, respectively activation of the NLRP3 inflammasome was determined.
In this case, because of the method handling, MG, and/or if indicated LPS with and without Ans was
added once and the activity was observed over 3 hours. Already after 30 min MG was able to activate
caspase-1to a comparable extent as LPS and rose to a plateau after 90 min, which was maintained
overthe rest of the 3 hours (Fig. 17a). The combination of MG and LPS was also on the same level and
no additional effect of the two stimulants could be seen (Fig. 17a). The addition of Ans to MG had an
almostimperceptible effect on caspase-1activity (Fig 17b). The Ans effect as cotreatmentfor MG and
LPS combined was larger than that of MG and Ans alone, but also not of great magnitude (Fig. 17c).
MG treatment did notleadto cell death, evenin supraphysiological doses, as confirmedby the vitality
staining (Fig. 17d). Besides the MG increased IL-1beta values (Fig. 16) and the increased caspase-1
activity, it was determined if the precursor of IL-1beta was also more secreted through MG. The
pathophysiological dosage of 1.5 uM lead to an almost no noticeable difference compared to the MG-
free mediacontrol. However, with increasing MG dosages, a dose titration effect could be observed,
which broke again with the supraphysiological dosage (Fig. 18a). The addition of Ans in the
pathophysiological effective spectrum tended to fall below the level of the unstimulated or MG-free

media control but showed no clear perceptible effect (Fig. 18b).
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Figure 16: Inflammatory cytokine profile from MG- and Ans stimulated HUVEC
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Inflammation-, apoptosis-, and angiogenic-related cytokines, excreted from HUVEC monolayer after incubation with MG (1.5 uM MG), MG+Ans (1.5 uM MG+0.5 mM Ans), MGy (500 pM MG), MGp+Ans (500 uM MG+170
mM Ans) for 5 h in comparison to MG-free media control. In pathophysiological dosages MG was administeredevery2 h. In supraphysiological (hi) dosages, MG as wellas Ans were administered every2 h. Bar graphs

representvalues of batched supernatants from n=4 experiments.
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Figure 17: MG leads to caspase-1 activation in HUVECindependent of cell death.

a) Mean values of HUVEC caspase-1 activity of MG, LPSor MG and LPS combined in a time course of 3 h. SDs below. b) Mean values of HUVEC
caspase-1 activity of MG with and without Ans cotreatment in a time course of 3 h. SDs below. c) Meanvalues of HUVEC caspase-1 activity
of MG and LPS withand without Ans cotreatmentina time course of 3 h. SDs below. d) Examples of HUVEC in situ Trypan blue vitality staining

of patho-and supraphysiological MG stimulation after 5 h in comparisonto MG-free media and dead cells treated with 100 % EtOH. The
experiment was repeated 3 times. RLU: relative luminescence units. Data represent mean values and SEM of n=3.

In order to check whetherall these effects were possibly mediated by the PRR RAGE, the TER system
was returnedto. It was found herethat atwo-hour pretreatment of the HUVEC withthe RAGE inhibitor
FPSZM-1 completely prevented the complete dropin TER up to 15 uM MG and at leastincreased the

resistance up to the supraphysiological dose of 500 uM. A MG dose-dependent effect was observed

with and without FPSZM-1(Fig. 19).
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Figure 18: MG dose-dependently increases human pro IL-1beta secretion from HUVEC.

a) Human pro IL-1beta concentration of MG dose titration from HUVEC cell lysate. b) Human pro IL-1beta concentration of MG and Ans
cotreatmentfrom HUVEC cell lysate. Cell lysates were created after 5 h withthe indicated treatments. Data represent mean values and SEM
of n=6.
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Figure 19: The MG effect on TER is RAGE-dependent

Effect of repeated and increasing MG dosages and a single RAGE inhibitory 2 h pretreatment with FPSZM-1 on the 5 h TER of a HUVEC
polarized monolayerrelative to MG-free control. Data represent mean values and SEM of n=6.

The activation or ligand binding of RAGE can lead to the activation of various signaling pathways or
transcription factors. Some of these signaling pathways were examined in the next step under the
treatment of MG in FACS. TNF was used as a positive control in all cases. Contrary to expectations, a
reduced phosphorylation of the NF-kB subunit p65could be observed forincreasingMG dosages. TNF,

on the otherhand, led to an increased phosphorylation of p65 after 30 minutes (Fig. 20a). Nextitwas
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investigated whether MG was able to activate protein kinase B (Akt) (essential part of the PI3K
(phosphatidylinositol 3-kinase) pathway). However, after 30 minutes even the signal for the positive
control seemed to appear weak. MG was not really capable to induce a noticeable activation of Akt
but showed a similar trend for the increasing MG dosages, namely rather a decrease in Akt-

phosphorylation (Fig. 20b).

Then the activation or phosphorylation of MAPK by MG was examined. Here p38and JNK (c-Jun) were
chosen. After just 15 minutes, TNF almost doubled p38 phosphorylation compared to the untreated
control. MG again showed a slight titration effect. With a dosage of 150 uM, an increase in p38
phosphorylation comparable to that of TNF could be achieved in the same period of 15 minutes.
Increasing to the supraphysiological MG dosage showed no difference (Fig. 20c). The same tendency
could be shown for the phosphorylation of c-Jun. Here, after 30 min, TNF led to a more than twice as
high phosphorylation of c-Jun compared to the untreated control, and here, too, 150 uM MG and the

supraphysiological dose of 500 UM were able to activate c-Juntoa comparable extent (Fig. 20d).
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Figure 20: MG activates MAPK but not the NF-kB subunit or Akt kinase
a)Mean fluorescence Intensity (MFI) of MG treatmentas indicated and 50 ng/m| TNF for phosphorylation of p65 after 30 min. b ) MFI of MG
treatmentasindicatedand 50 ng/mITNF for phosphorylation of Akt after 30 min. c) MFI of MG treatment as indicated and 50 ng/ml TNF for

phosphorylation of p38after 15 min.d) MFl of MG treatment as indicated and 50 ng/mI TNF for phosphorylation of c-Junafter 30 min.Data
representmeanvalues and SEM of n=3.

It was further investigated whether the observed Ans effects in TER were related to these signaling

pathways. Therefore, the previously described Ans cotreatment and the 2 hours Ans pretreatment
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were transferred to flow cytometric experiments. The Ans cotreatment was adjusted to the original
effectiveness and added once, MG was added once. Ans cotreatment did neither prevent p38
phosphorylation (Fig. 21a), nor phosphorylation of c-Jun (Fig. 20b). Unfortunately, the effect was also
not available in the Ans pretreatment setting, neither for p38 phosphorylation (Fig. 21c), nor for

phosphorylation of c-Jun (Fig. 21d).
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Figure 21: Ans does not exert effects on MG-induced p38- or c-Jun phosphorylation
a) MFI of MG treatment alone or as cotreatment with Ans as indicated and TNF for phosphorylation of p38 after 15 min. b) MFI of MG
treatmentalone or as cotreatment with Ans asindicated and TNF for phosphorylation of c-Junafter 30 min.c) MFI of MG treatment alone

oras a 2 h pretreatment with Ans asindicated and TNF for phosphorylation of p38 after 15 min. d) MFI of MG treatment alone or asa 2h
pretreatment with Ans asindicatedand TNF for phosphorylation of c-Junafter 30 min. Data represent mean values and SEM of n=3.

To determinewhetherthe MGinduced p38and c-Jun phosphorylation was RAGE dependent, the cells
were pretreated with FPSZM-1 for 2 hours and then treated for the respective time period with 150
UM MG and analyzed for p-38or c-Jun phosphorylation. Interestingly, MG induced phosphorylation of
p38 did not seem to be RAGE-dependent (Fig. 22a), however c-Jun phosphorylation of MG could
successfully be prevented by usingthe RAGE inhibitor FPSZM-1 (Fig. 22b).
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Figure 22: c-Jun but not p38 phosphorylation by MG is RAGE dependent

a) MFI of MG treatment alone or pretreated with FPSZM-1 of phosphorylation of p38 after 15 min. b) MFI of MG treatment alone or
pretreated with FPSZM-1 of phosphorylation of c-Jun after 30 min. Data represent mean values and SEM of n=3.

4. Discussion

In many pathological contexts such as diabetes (Rohlenova et al., 2018, Schalkwijk and Stehouwer,
2005), atherosclerosis (Makinen et al., 2014, Stratmann et al., 2016, Brownlee, 2001) or high blood
pressure (Prasad and Mishra, 2017), a harmful effect on the endothelium or on vascular cells is
attributed to MG, even if the underlying molecular and biochemical functions have not been fully
investigated. In the context of increased vascular permeability insepsis or septic shock, however, there
is no data available at all. Therefore, this work investigated how MG affects EC in vitro and how to

influence MG-induced damage in vitro and in an in vivo model of murine sepsis.

4.1 Ans shows protective and restoring effects against MG induced

endothelial damage in vitro
The in vitro MG effects were investigated by using resistance and transport measurements, as well as

antibody-based assays, vitality staining and flow cytometry. These experiments were able to show that
pathophysiological dosages of MG lead to a reduction in the TER HUVEC monolayerin a dose- and
time-dependent mannerand at the same time to an increased paracellularleakage. This effect could
be explainedin vitro by the visualization of damage or by a restructuring of the barrier-forming proteins

claudin5and ZO-1.

Apparently, the effects of MG seem to be extremely cell-type specific, since, for example, in human
brain microvascularendothelial cells supraphysiological MG dosages induced TER loss which correlated
with occludin-glycation (Li et al., 2015). In immortalized mouse brain endothelial cells, 750 and 1000

UM MG reduced the protein levels of occludin, claudin 5 and ZO-1, which was accompanied by an
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increased paracellular leakage with a decreased TER (Kim et al., 2020). In line with that, exposure of
brain microvessels to hyperglycemic conditions or AGEs ex vivo resulted in significant abnormalities in
membranous distribution of occludin and claudin 5 (Rom et al., 2020). Contrariwise, in mouse cardiac
endothelial cells (MCEC) supraphysiological MG stimulation was found to impair barrier functions by
non-significantly reducing TER and not affecting permeability to large molecular compounds (Fleming
et al., 2022). However, these studies lack of clinical or translational relevance of the used MG
concentrations and were investigated in the context of diabetes mellitus. The concentration of MG
used in these studies was up to 1.000 uM, which is approximately 200-fold higher than the plasma
concentration observed in patients with diabetes (Li et al., 2015). In the context of sepsis and septic
shock, the HUVEC model is physiologically representative for the human vascular endothelium,
allowing to investigate the physiological and pathological effects of different stimuli (Maciag et al.,
1981). This model has alreadybeen chosen forabroad range of biological processes and diseases, such
as inflammation (Onatetal., 2011), cancer (Rhim etal., 1998) and regenerative medicine (Bachetti and
Morbidelli, 2000). Furthermore, in this investigation, for the most part, the pathophysiological MG
concentrations measuredinsepticpatients(Brenneretal., 2014) were used. Also, in a diabetic context,
Ans has been described to have protective effects on epithelial cells (Peters et al., 2018). In a
hyperuricaemic mouse model, anti-hyperuricaemic and anti-inflammatory effects on the intestinal
epithelium were describedfor Ans (Han et al., 2021). However, in the context of inflammation, datais
limited.E.g.,inadouble-blinded randomized controlled trial, analysis of peripheral blood mononudear
cells (PBMCs) showeddecreased expression of C-C Motif Chemokine Ligand 24 (CCL24) after oral intake
of 300 mg Ans in elderly people (Katakura et al., 2017). However, Ans has never been studied in the
context of sepsis or septic shock and endothelium. In this study carried out here, not only a stable
protective, prophylactic as well as rescuing effect of Ans against MG-induced damage to the
endothelium could be shown, but also for the first time ever a long-lasting, protective effect against
LPS-induced damage. Over time, other MG-scavengers and antioxidants could not achieve a
comparable stable effectas Ansforeither MGor LPS. Also, at the level of the barrier-forming proteins,
the Anstreatmentled not onlyto a preservation of the proteins buteventoan increase, despite MG
and/or LPS treatment. These results suggest that Ans may exert vascular strengthening effects via

increased membrane accumulation of these proteins.

4.2 Ans reduces MG-induced endothelial leak, tissue AGE formation

and improves survival in septic mice (in vivo)
Since Ans showed a protective effect on theendotheliumin the cell culture experiments, itsapplication

using a CLP-induced mouse model of sepsis with a focus on capillary leakage, lungs and kidneys is
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absolutely reasonable, since these organs are particularly affected by the after-effects of increased
vascular permeability and subsequent organ failure. Here, too, it should be emphasized that the data
collected are unique and an application of Ansina septiccontext has neverbeen investigated before.
Furthermore, in several mice trials, Ans was administered over along period of time viafood or water
(Sakano et al., 2022) and mostly investigated in the diabetic context (Everaert et al., 2021).
Intraperitoneal Ans administration has only been investigated in a neuronal context over a longer
period of time (Kubomuraetal., 2010, Min et al., 2008). In the here presented study, mice received a
three-day i.p. pretreatment and a posttreatment for two days after CLP and were then observed for
survival for seven days. The Ans-treated mice showed a survival advantage of almost 25 % and were
significantly betterin clinical scoring. This effect could be related to an accumulation and thus greater
availability of Ans in the various tissues or rather a resulting increase in antioxidant or scavenging
activity. Fororgan harvesting, the animals were pretreatedi.p.for 3 days and posttreated with Ans for
a maximum of 36 hours following CLP. Over 36 hours the Ans concentration in the kidney was
significantly increased, beingin line with previously published datafrom diabetes research (Peters et
al., 2012). As already published in other contexts, Ans accumulation can also be found in the heart
muscle (Blancquaert et al., 2016) and in the kidneys (Peters et al., 2018). The increased plasma
concentrations of Ans in correlation with that of the tissuesindicate an adequate distribution of the
active ingredient despite ongoing sepsis. The accumulationin the lungs and kidneys could be of greater
relevance, since these organs are known to be particularly affected by multiple organ failure in sepsis
orsepticshock (Caraballo and Jaimes, 2019). Since Ans had obviously strengthened the barrier-forming
proteins of the endothelial cells in the previous in-vitro studies, the capillary leakage ofthe CLP-induced
septic animals was examined in the acute model up to 36 hours. There was less capillary leakage,
especiallyin organswhere the Ans concentrations had previously beenelevated. The effectin the lungs
and kidneys was again particularly pronounced. Inthe heart, however, the effect seemed to fluctuate
at 24 hours, but stabilized again at 36 hours, which could indicate that an ongoing administration over
36 hours could be beneficial for the cardiovascular system. A similar effect was also observed in the
colon, while in other organs such as the small intestine the effect over 36 hours showed the same
stable tendency on capillary leakage. This suggests that the effects of Ans are organ specific.
Furthermore, Ans was administered i.p. and therefore a stable effect in the area of the abdominal
cavity had to be expected due to the high resorption power. Unfortunately, the vascular strengthening
effect could not be explained by clustering of ZO-1or claudin 5 since there was no difference between
the Ans-treated and vehicle-treated forZO-1in the lungs and kidneysin the in vivo model. For claudin
5 there was also no visible difference, although there was a tendency forclaudin 5 to increase in the
lungs of Ans-treated animals. In principle, the results can be explained by the fact that work is carried

outveryisolated in vitro and adirect effect of MG or MG and LPS was shown. However, sepsisor septic
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shock is systemic. Another possibility is that the capillary vessels are not visible due to the slice size
and an effect cannot be visualized. Furthermore, there are 27 different claudins alone (Glinzel and Yu,
2013). In addition to claudins, ZO-1also interacts with occludins (Pummietal., 2004), which were not
further investigatedin this setting. In another mouse CLP model of sepsis, it was demonstrated that
occludin and claudins were displaced from raft fractions to non-raft fractions membrane
microdomains and redistribution of claudins in epithelial cells of the colon lead to alteration of TJ
architecture and barrier dysfunction during the development of polymicrobial sepsis (Li et al., 2009).
Inarat CLP model sepsis-inducedintestinal epithelial permeability changes were caused by damage of
the intestinal mucosaincluding TJ disruption and of ZO-1, claudin 1 and occludin (Zhanget al., 2015).
Ina comparative sepsis experiment using CLP and Pseudomonas aeruginosa pneumonia, the intestinal
permeability was examined. It was determined that claudin 5 and occludin were decreased in both
sepsis models. Alterations in occludin were detectable as early as 1 hour after CLP. Pneumonia also
had a marked decrease inZO-1not seenin CLP. The TJ changesin CLP and pneumoniaare similar but
not entirelyidentical. This suggests that most TJ changes are common in critical illness, although there
appear to be components that are model-specific (Yoseph et al., 2016). A systematic evaluation in
brain samples from septic patients showed that positive occludin, ZO-1 and claudin 5 staining were
absent from the endothelial cells and that high organ failure scores and biomarkers of systemic
inflammation were associated with a loss of TJ proteins (Erikson et al., 2020). However, the majority
of studies examine either the intestinal barrier or the blood-brain barrier in sepsis or investigate the
barriersin vitro (Niet al., 2019). Recentlyina rat CLP model with acute kidney injury, they found the
positive expression level of ZO-1in kidney tissue to be significantly reduced (Yanget al., 2020). Here,
too, the various damages seemto be extremely specificto the organ, model, and time. As a result, it
remains a challenge even today of transferring such results from bench to bedside (Fernandez-
Sarmiento et al., 2022). In contrast to the immunofluorescence staining of the TJs of the lungs and
kidneys, a clear effect on AGE accumulation in the tissues mentioned could be shown for Ans in the
histopathological investigations. This effect is most likely related to previously measured Ans
concentrationsin the respectivetissues. Furthermore, they support the data on capillary leakage, since
it has been shown several times that AGEs are able to damage the endothelium or contribute to

endothelial dysfunction (de la Cruz-Ares etal., 2020, Krishnasamy etal., 2020).
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4.3 MG does not increase MMP shedding or activity in HUVEC in vitro

To furtherunderstand the mechanisticactions of MG and Ans, respectively proof of principles, the in
vitro model was returned to. LPS, ROS and pro-inflammatory cytokines are describedto be involved in
activated MMP shedding (Chappell et al., 2009, Goligorsky and Sun, 2020, Uchimido et al., 2019, Cao
et al.,2019b). In different models, it has been described that RCS respectively AGEs lead to activation
of MMP. In kidney proximal epithelial cells MG derived AGEs induced activation of MMP-2 and MMP-
9 via an AGE-RAGE interaction (Jeong et al., 2020, Nam et al., 2021). In intravitreally injection
experiments with mice, MG activated retinal MMP-2and MMP-9 (Kim et al., 2012). Another study with
rats came to similarresults, in which MG injection into the vitreous cavity of one eye led to a general
activation of the MMPs (unspecified) (Kamiyaetal., 2023). In the context of sepsis, endothelium and
MMPs, the gelatinases (MMP2 and 9) or collagenases (MMP1 and 8) have been described to be
associated with severity, coagulation state, circulating cytokine levels and mortality (Lorente etal.,
2014, Opal and van der Poll, 2015, Fang et al., 2022, de Souza et al., 2015). In the TER measurements
of the here presented study, both collagenase and gelatinase inhibitors were able to limit the loss of
resistance up to a certain concentration. Surprisingly, a negative dose dependency for MG was found
for MMP1 shedding, which was also confirmed in a similar way for enzyme activity. The
pathophysiological dose, which was also measured in septic patients (1.5 uM) (Brenner et al., 2014),
induced the highest enzyme activity, comparable to LPS. However, Ans showed no effect, so that the
mechanism of action of Ans runsvia other pathways as an inhibition of the MMPs. Supraphysiological
dosesledto a kind of standby mode of the cells, which still showed signs of vitality but no longer had
any relevant enzyme activity. The MMP2 concentration shows no relevant increase by MG and no
significant change by the administration of Ans. An activity measurement in the form of zymography
showed, that escalating MG dosages caused no changes in enzyme activity. As with MMP1, the
supraphysiological dose led to the arrest of enzymatic activity. Ans could not change the enzyme
activity in this case either. Basedon the TER results withthe MMP inhibitors, one would have expected
that more MG would lead to more shedding of the MMPs, and that the loss of resistance could be
explained by this.However, other pathways must at least be interposedorinvolved, sincea sole effect
of MG on MMP concentration and enzyme activity was ruled out. This phenomenon can possibly be
explained by the short test duration of 5 hours, since otherstudiesused much longertreatment times
and higher concentrations of MG. However, sepsis and septic shock are acute, and death can occur

within hours (Caoetal., 2019a).
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4.4 MG induces inflammation by activating the NLRP3 inflammasome
in vitro

Itis knownfrom diabetesthat high TNFand IL-6 levels are associated with high plasma MG levels (Lu
etal., 2011) and that MG formed AGEs stimulated IL-6 and IL-8 productionin mesothelial cells (Welten
et al., 2003). In non-diabetic individuals, MG stimulated cytokine production in neutrophils (Wang et
al., 2007). Increased levels of IL-1beta and IL-6 were found in blood samples from MG-treated mice
(Prantneretal., 2021). However, heretoo thereis no unequivocal data to answer the question of which
cytokines are released from the endothelium after stimulation with free MG. In many cases there is
only data describing the effects of MG-AGEs or AGEs in general in vitro (Zhou et al., 2019). The
pathophysiological MG dosage induced an increase in the protein expression of the IL-6/1L-6R/IL6sR
axis. Binding of IL-6to membrane-bound IL-6R inducesclassicsignaling viagp130 (interleukin-6 signal-
transducer), whereas binding of IL-6 to sIL-6R induces trans-signaling, i.e., via gp130. IL-6 classic
signaling induces the acute-phase response (Rose-John, 2017). In fact, it has been described that
endothelial cells produce gp130 but not transmembrane IL-6R (Kang et al., 2020). However, this axis
has never been studied before under MG influence on the endothelium. In the setting described no
increase in TNF perse could be confirmed, but the increasein soluble TNFRs. The soluble TNFR variants
are described to inhibit TNF by competing with the cellular receptor species for TNF binding, but
possibly also by acting as dominant-negative molecules (Chan etal., 2000). However, thiswould also
explainwhy noincrease of plasmatic TNF itself could be measured and there is no comparable dataor
study results. Fora number of proinflammatory cytokines (Justiz Vaillantand Qurie, 2023), , including
IL-1beta, IL-2, IL-3, IL-7, IL-8, IL-13, IL-15, IL-16 and IL-17 MG stimulationwas ableto achieve an increase
of plasma concentrations with a pathophysiological dose. In this context, there is no data for MG and
its effect onthe endotheliuminthe literature. Inalmostall cases, Ans had an anti-inflammatoryeffect
and lead to less or non-cytokine expression. An increase was also found for the colony stimulating
factors M-CSF and GM-CSF which could possibly be related to the increased IL-3 production (Young et
al., 1990, Donahue et al., 1988). A finding which further needs to be investigated is the relation of
eotaxin, IL-8 and G-CSF upon MG stimulation. Eotaxin is described to suppress IL-8 secretion from
microvascular endothelial cells (Chengetal., 2002). However, MGinduced arobust elevationin IL-8 as
well as in G-CSF; IL-8 promotes chemotaxis of neutrophils (Baggiolini et al., 1994), whereas G-CSF
stimulates survivaland proliferation ofimmature granulocytes (Tigue et al., 2007). Neutrophils play a
critical role in controlling infection under normal conditions, and their migration and antimicrobial
activity are thought to be impaired during sepsis, contributing to the dysregulation of immune
responses. Furthermore, interactions or effects of MG on neutrophils have already been described
(Gawlowski etal., 2007, Wang et al., 2007, Ward and McLeish, 2004). Anti-inflammatory cytokineslike

IL-4, IL-10, and IL-11, as well as IL-12 with both pro- and anti-inflammatory properties were
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downregulated by MG stimulationin the presentstudy. There isno MG-related data in the literature
forendothelial cells. The present study shows that MG had the capacity to elevate the ICAM expression
from HUVEC, in line with previous publications describing that MG increased ICAM-1 expression in
hypertensive rat vascular smooth muscle cells (Wu and Juurlink, 2002), MG-elicited ICAM-1
upregulation in murine endothelial cell lines (Su et al., 2014) and intravitreally MG injection in mice
induced an upregulation of ICAM-1 (Lin et al., 2014). This is interesting for further studies because
ICAM-1 has an important pathophysiological role in the context of polymicrobial sepsis (Hildebrand et
al., 2005) and was recently described to regulate neutrophil adhesion in vitro and septiclunginjury in
vivo (Du et al., 2022). For the sepsis relevant cytokines IL-1beta, IL-6 and IL-8, a robust elevation in
cytokine levels could be detected after MG stimulation with pathophysiological doses. At the time of
diagnosis, serum IL-1beta, IL-6, IL-8 levels of culture-proven sepsis are observed to be significantly
elevated in septic patients (Kurt et al., 2007). IL-6 and IL-8 are also described to accurately diagnose
the hyperinflammatory state and to increase diagnostic specificity (Zeng et al., 2022). IL-1beta
possesses a broad spectrum of biological properties. IL-1beta induces hemodynamic shock in
experimental animals; the infusion of IL-1beta produces tissue damage and metabolicderangements
similartothose associated with injury and sepsisinhumans (Okusawa et al., 1988, Tredget etal., 1988,
Movat et al., 1987). Furthermore, serum IL-1beta levels are elevated in patients with gram-negative
bacteremiaand correlate with the severity of sepsis (Okusawa et al., 1988, Tredget et al., 1988, Cannon
et al., 1988, Cannonet al., 1990b, Cannon etal., 1990a). Therefore, a working hypothesisforthe role
of IL-1betain sepsisisthatitis produced during infection as well as trauma and inducesthe subsequent
effector molecules of the shock syndrome (Dinarello et al., 1992). IL-1beta is released by the NLRP3
inflammasome and its role in the pathophysiology of sepsis may be ambivalent. Although it may
protect against sepsis when moderately activated after initial infection, over-activation of the NLRP3
inflammasome can trigger dysregulated inflammation leading to multiple organ failure and death
duringthe acute phase of sepsis. Furthermore, this activation could be come exhausted and contribute
to post-septicimmunosuppression and dysfunction of innate and adaptive immune cells (Vigneronet
al., 2023). In the previously presented experiments, Ans also showed an influence or an anti-
inflammatory effect on IL-1beta production, and RAGE has also already been described in connection
withinflammation and IL-1beta (lto et al., 2012). This axis, in relationto the NLRP3inflammasome and
IL-1beta release, or caspase-1, was examined in more detail in the next step. Therefore, the
pathophysiological MG dose, LPS or combined with or without Ans was applied to HUVEC and the
activation of the NLRP3 inflammasome was investigated via the activation of caspase-1. Caspase-1
activation was monitored for 3 hours. Indeed, MG was able to activate caspase-1inthe same manner
as LPS, however combining both agents did notlead to differences. The addition of Ans to MG did not

lead to any changes. Surprisingly, there was a visible effect when adding Ans to the MG/LPS
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combination. This inhibitory effect may be due to the antioxidative capacity (Aldini et al., 2021,
Boldyrev et al., 2013) of Ans and therefore only acts on the LPS-generated caspase activation.
However, this would haveto be verified again in afollow-up experiment, since this studywas intended
to refer to the possible inflammatory effects of MG or the anti-inflammatory effects of Ans. The
present findings after MG stimulation cannot be attributed to an increase in pyroptosis since the loss
of TER was not associated with anincreased cell death. The vitality staining also showed no apoptotic
cells as in the dead cell control, even after administering the supraphysiological dose. It is a fact that
many cell types secrete cytokines eventhough they showabsolutely no signs of pyroptosis. It has often
been debated whether the mode of action of cell death can be separated from IL-1beta secretion.
Several cell death-regulating proteins can interact directly with the inflammasome, and IL-1beta-
containing protein complexes are able to modulate their function, which would support this
hypothesis. Although a close association between caspase-1killing and IL-1beta has been described,
there is a growing body of genetic and biochemical data suggesting that, in at least some cell types,
these two events are separable (Vince and Silke, 2016). Itis known that caspase-1does not necessarily
play a central role in cell death (Wang and Lenardo, 2000), since Casp1 knockout mice, for example,
did not show any obvious defectin apoptosis. Casp1l-deficient macrophages and thymocytes retained
the abilitytoundergo apoptosisinresponse to multiple stimuli. However, these mice are resistant to
lethal doses of endotoxin/lipopolysaccharide (LPS) and have an acute defectin theirability to convert
pro IL-1beta to its mature form (Li et al., 1995). These featuresindicate rathera more importantrole

for caspase-1lin processes associated with inflammation thanin apoptoticcell death.

The next step was to investigate whether MG generally increases the amount of pro IL-1beta (p35),
the inactive IL-1beta precursor (Dinarello, 1998), and thus provokes increased caspase activity, and
whetherthe anti-inflammatory effect of Anson IL-1beta is related to this, since no difference existed
in caspase-1activation with Ans. It was observed that increasing MG doses lead to elevated pro IL-
lbeta levels which in turn collapsed with the supraphysiological dose, which in turn underpins the
previously described "standby mode" of the cell. The trend in pro IL-1beta levels suggested a dose-
dependency of MG. However, again, the addition of Ans made no difference, indicating that the mode

of action of Ans occurs at a differentsite duringinflammation.
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4.5 MG activates MAPKs via RAGE-dependent and -independent

pathways in vitro
In orderto check whetherall these effects were possibly mediated by RAGE, often referred to as PRR,

the MG dose titration TER experiment was repeated with a RAGE inhibitor (FPSZM1). The same
concentration of the RAGE inhibitor was able to prevent the MG induced TER loss from the
pathophysiological dose up to 15 uM; in 100-fold and asupraphysiological dosage, FPSZM1 still tended
to ameliorate TER. This suggests that MG influences the TJs or barrier-forming proteins via RAGE.
Unfortunately, thereis not enough comparable literature on this, but forexamplein brain endothelial
cells, anincrease of permeability was observedby interactionwith RAGE, caused by a downregulation
of Z0-1, occludin, and claudin 5 and stimulation of oxidative stress pathways (Kook et al., 2012). In
human brain endothelial cells RAGE binding induced ROS production, which ultimately lead to
disruption of TJs and loss of blood brain barrier (BBB) integrity (Carrano et al., 2011). After its
activation, RAGE acts via three different downstream pathways: 1) the IKB sighalosome dependent
phosphorylation of NF-kB inhibitors (IkB inhibitors), and thus the activation of the NF-kB pathway,
subsequently inducing the synthesis of pro-inflammatory cytokines (Hofmann et al., 1999, Henkel et
al., 1993), 2) the PI3K/ Akt pathway, and 3) the activation of MAPK, including JNK, p38, and extracellular
signal-regulated kinases (ERK) (Leclerc et al., 2007, Li et al., 2004, Stern et al., 2002, Taguchi et al.,
2000). Therefore, the subsequent investigations were based on these pathways. Phosphorylation of
subunit p65 plays a key role in regulating NF-kB activation and function (Zhongetal., 1998). Stimulus
signals, including LPS and AGEs, lead to the phosphorylation of IkBa, thus liberating NF-kB and enabling
it to translocate into the nucleus, where it binds to specific response elements in DNA and activates
the expression of inflammatory cytokines (Pradere et al., 2016). It is reported that an AGE-RAGE
interactioninitiates the phosphorylation of MAPKs, which subsequently lead to the aberrantactivation
of NF-kB. Furthermore, the activation of NF-kBin returninduces the expression of RAGE, resultingina
vicious cycle upregulatinginflammatory responses (Davis et al., 2016). However, inthe present study
MG failed toinduce phosphorylation of p65 in HUVEC. A trend towards less p65 phosphorylationwas
evenobserved with increasing MG concentrations. In endothelial cells, PI3K/Akt signaling mostly acts
as a positive regulator of eNOS and Akt activation which promote cell survival (Ho et al., 2006). The
PI3K/Akt/eNOS pathway plays a pivotal role in the process of endothelial cell mobilization, migration,
and homing (Everaertet al., 2010). However, inline with pre-published data (Chu et al., 2017, Lee et
al., 2020) treatment of HUVEC with MG inhibited the phosphorylation of Akt. MAPKs are involved in
directing cellular responses to various stimuli, such as mitogens, osmotic stress, heat shock and
proinflammatory cytokines (Pearson et al., 2001). The mammalian MAPK family includes ERKs, JNKs
and p38s (Yu et al., 2020, Shi and Sun, 2018). ERKs are activated by growth factors and mitogens,

whereas cellular stresses and inflammatory cytokines rather activate JNKs and p38s (Yu et al., 2020).
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p38 is activated by a variety of cellular stresses including osmotic shock, inflammatory cytokines, LPS,
ultravioletlight, and growth factors (Bachstetteretal., 2011). Additionally, p38 has been identified as
a key downstream effector of RAGE binding (Yeh et al., 2001, Wang et al., 2022) and seems to be
involved in T) damages of the intestinal mucosal barrier (Ouyang et al., 2016). Inflammatory signals,
changesin ROS levels, ultraviolet radiation, protein synthesis inhibitors, and a variety of stress stimuli
can activate JNK. Specific phosphatases normally inhibit the activity of JNK itself and the activity of
proteins, which are linked to JNK activation (VIahopoulos and Zoumpourlis, 2004). In epithelial cells,
INK is largely involved in the regulation of TJs (Kojima et al., 2010). In the present study, acute
increasing MG concentrations lead indeed to an activation respectively phosphorylation of the MAPKs
p38 and c-Jun which were comparable to that of the inflammatory stimulus by TNF within 15 or 30
minutes. These data are consistent with results in the context of diabetes, also derived from HUVEC
reporting activation of INK and p38 MAPK but not NF-kB after 20 min of acute MG stimulation, with
MG being identified as a stimulant for vascular inflammatory responses (Yamawaki et al., 2008). In
orderto check whetherthe beneficial effects of Ansinthe TER experiments occur onthe MAPK level,
the most effective MGdose of 150 uM was chosen for further experiments. This can be explained by
the fact that it is a relatively short period of time for the stimulation. The MG-Ans effectratio, which
had previously proven to be effective, was retained for further experiments. Unfortunately, Ans did
not exert effects on MG-induced p38- or c-Jun phosphorylation, which could possibly also be due to
the very short time span. Therefore, the HUVEC were again pre-treated with Ans for 2 hours before
receiving the MG stimulation. And again, Ans showed no effectin this setting,evenas apretreatment.
The beneficial effect of Ans on maintenance of resistance is thereforelikelyto be found elsewhere. To
determine whether the MG induced p38 and c-Jun phosphorylation was RAGE dependent in the
present HUVEC model, the inhibitor experiments were transferred into flow cytometry. Cells were
pretreated with the RAGE inhibitor FPSZM-1for 2 hours and then treated for the respective period
with 150 uM MG and analyzed for p38 or c-Jun phosphorylation. The inhibitor showed no difference
to MG on the phosphorylation of p38, so no RAGE dependencycould be determinedfor p38activation.
Interestingly, the phosphorylation of c-Jun however was distinctly RAGE dependent, since FPSZM1
pretreated HUVEC exerted the same phosphorylation levels as the untreated media control. p38 and
c-jun were recently shown to decrease the expression of TJ proteins via a NLRP3 inflammasome
activation (Kang et al., 2022, Chu et al., 2021). In the present project, the identification respectively,
the activation of the MG-AGE/RAGE axis is associated with aloss of the TER and the end othelial barrier
binding proteins, providing a novel, important contributor to endothelial barrier damage in sepsis. It
should be noted, that, unlike in the literature mentioned above (Kang et al., 2022, Chu et al., 2021),

these effects were independent of NF-kB, an important inflammatory driver in sepsis (Bohrer et al.,
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1997, Hofmannetal., 1999) butin line with a more recentinvestigation by Yamayaki et al. (Yamawaki

etal., 2008).

The finding that MG activates both p38 and c-Jun MAPKs, but only c-Jun in a RAGE dependent way,
points out that MG is able to activate p38 MAPK via another receptor, pathway or a direct, as yet
unknown effect. Furthermore, the effect upstream of the MAPK could be explained by the activation
of different MAPK kinases (MKKs). MKK 4and 7 activate c-Jun, MKK 3 and 6 activate p38. Upstream of
the MKKs are the MKK kinases (MKKKs) e.g., mixed-lineage kinases (MLKs).Allthe MLK family members
have been shown to activate the JNK pathway (Fanger et al., 1997). MLK3 and dual-leucine-zipper-
bearing kinase (DLK) have also been shown to activate the p38 MAPK pathway, but itis not known
whether other MLKs can also activate p38 (Tibbles et al., 1996, Gotoh et al., 2001). The different
regulatory properties predicted for the different MLKs would allow integration of JNK and p38
activation with different cellular responses (Gallo and Johnson, 2002). Overexpression of these MKKKs
leads to activation of both p38 and JNK pathways which is one possible explanation why these two
pathways are often co-activated (Oguraand Kitamura, 1998). To date thereis no data explaining the
observations from the present study, how or even whether the MKKKs eventually interact with
upstream RAGE signaling. Despite everything, one returns to the thesis that the effects of RCS or RCS -
AGEs are very organ- or even cell-specific and differ under certain pathological conditions such as
chronic diabetesor, as here, acute sepsis. As an example, astudy on mesangial cellsin the context of
diabetes should be presented here: AGEs have been shown to activate ERK and PI3K pathways,
whereas JNKand p38 MAPK in turn are not activated inthese cells (Xu and Kyriakis, 2003). Of course,
the cell-specific effects of AGEs make it difficult to focus on a specificclue in systemicdiseases such as
sepsis. Nonetheless, the data from the current study demonstrate an impact of MG on the
endothelium and its specificbarrier-forming proteins, and that pathways of the same classare induced
by MG in different ways. Using a translational approach, it was shown that sepsis is linked to MG-
induced carbonyl stress, which has a causal effect on outcome. Furthermore, Ans was able to prevent
andrestore MG-induced endothelial barrier damage and improve the outcomein experimental sepsis.
Therefore, Ans could be aninnovative therapeutic optionfor the treatment of sepsis and septic shock.
Therefore, to evaluate the efficacy and safety of Ans in a clinical context, clinical trials are the next
step. It will also be helpfulto go furtherinto the mechanisms of action of MG in sepsis and to identify
the exact effect or target of Ans. If these are known, the area of application of Ans could also be

extendedto otherRCS-related diseases.
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4.6 Limitations of the study

Since sepsisisa systemicdiseaseand no suitable cell models exists, individual stress parameters such
as inflammation, endotoxins or oxidative, nitrosative or carbonyl stress can only be simulated to a
limited extent on a cell- or organ-specific basis. In this context, these only give an overview of the
physiological effects of MG or Ans. Furthermore, only female mice were usedfor the present animal
experiments, which can be viewed critically with regard to sepsis, since the influence of gender on the
development and course of the diseaseis relevantand the majority of septic patients are male (Angele
etal., 2014). These data provide the firstevidence that not ROS or RNS, but the RCS MG via MG-AGE
(otherwise RAGE would not be involved) causes capillary leakage. Since blocking MG-AGE formation
also prevents leakage and mortality, this finding provides evidence forthe role of MG-AGE-mediated
capillary leakage. For a complete proof one would have to show that Ans has no effectin RAGE-/-
mouse. There is also a lack of histological data on the fact that the signaling pathway MG/MG-
AGE/RAGE/TJ/Leakage is suppressed after Ans treatmentin wild-type and e.g., in RAGE -/- mice. This
isimportantsince there is also data that MG eventually cannot bind covalentlyto proteins and change
functions (Rodnick et al., 2017) contrary to the popular belief (Murata-Kamiya and Kamiya, 2001,
Thornalley, 2008, Eberhardtetal., 2012, Polykretis etal., 2020, Lai et al., 2022).

4.7 Outlook

The here presented results forthe first time show a causal influence of MG on the hyperacute status
or ontheincreased vascular permeability in sepsis.Onthe other hand, it becomes clearthat increased
Ans concentrations in organ tissues and plasma exert protective effects in vivo. The positive effects
observed fromthe Ans application cannotbe clearly defined in terms of one body compartment, but
a broad spectrum of effectson the metabolism can be assumed here. A large number of other bioactive
dipeptides are now also coming intofocus. This underlines that thisis a hitherto underestimated and
insufficiently researched field and that other dipeptides besides Ans could also be of therapeutic or
diagnosticvalue. Studies on the influence of MG (or Ans) and a possible shift of the general dipeptide
profile beyond the cell culture model under septic conditions are planned. Through the modification
of organ-specific dipeptide profiles, innovative therapeutic approaches e.g., for septic acute kidney
injury could be pursued. A characterization and proof of the pathway MG/MG-AGE/RAGE/TJ/leakage
inthe septicRAGE-/- mouse,as wellas the transfer to an endotoxinmodel in pigs, should provide more
clarity. However, these additional experiments were no longer possible at the end of the here

presented work.
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5. Summary

Therapeutic options for the treatment of sepsis/septic shock are still limited and mortality remains
unacceptably high. Besides autonomic, endocrine, hematological, and immunological alterationin the
septicpatient, many metabolicchanges occur as a result of inflammation, which lead to the release of
reactive compounds such as reactive carbonyl species. The reactive carbonyl metabolite and advanced
glycation end-product precursor methylglyoxal was identified as an early biomarker forthe diagnosis
and outcome prediction in sepsis. The extent to which increases in methylglyoxal play a role in the
course of the disease in sepsis and septicshockis not known yet. In order to test a potential adjuvant
therapy that has already been shownto reduce advanced glycation end-products, oxidative stress and
glucose homeostasis-regulating properties associated with diabetic damage, the histidine-rich
dipeptide anserine was applied in the septic context. Within the here presented approach,
methylglyoxal-derived carbonyl stress was identified as a major contributor to the disruption
respectively reconstruction of the endothelial barrier forming proteins claudin 5and zonula occludens-
1in acell culture model, comparable toinflammatory insults following lipopolysaccharide and tumor
necrosis factor administration. Methylglyoxal leads to a disturbed cell integrity as well as to an
increased paracellular leakage of small and big molecules. These effects were not depend ent on matrix
metalloproteinase cleavage of the extracellular matrix. Anserine was able to prevent and to restore
methylglyoxal-induced damage in vitro and showed a protective effectonthe level of barrier forming
proteins claudin 5and zonula occludens-1. Inan in vivo mouse model of sepsis, anserineaccumulated
stably for 36 h inseveral organs and showed protective effects viareducing methylglyoxal - advanced
glycation end-product formation in lungs as well as kidneys and reduced capillary leakage and
mortality. Furthermore, anserine improved survival probability to 60 % compared to vehicle controls
(36.6 %) and improved the clinical outcome of the animals. On the immunological base, methylglyoxal
leads to non-apoptotic and non-pyroptotic nucleotide-binding oligomerization domain-like receptor
containing pyrin domain 3 inflammasome assembly, as well as an increase of the interleukin-1beta
precursor and proinflammatory cytokines like interleukin-1beta, interleukin-6 and interleukin-8 in
vitro. Methylglyoxal did not activate nuclear factor k-light-chain-enhancer of activated B cells subunit
p65 assembly orthe protein kinase B pathway, but ratheractivated mitogen-activated protein kinases
c-Jun and p38 via different pathways. C-Jun-N-terminal kinase activation by methylglyoxal could be
identified as receptor of advanced glycation end-product dependent, whereas p38 activation by
methylglyoxal couldpersist even when thereceptor of advancedglycation end-products was inhibited.
The results propose a pathway in addition to direct toxic effects of methylglyoxal, by which
methylglyoxal might causally contribute to the development as well as the severity of septicshock via
an methylglyoxal - advanced glycation end-product/ receptor of advanced glycation end-product/

mitogen-activated protein kinase pathway functionally resulting in the activation of the nucleotide-
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binding oligomerization domain-like receptor containing pyrin domain 3 inflammasome with a
subsequent release of proinflammatory cytokines as well as a loss of tight junctions alongside. In
summary, using a translational approach, sepsis was shown to be associated with methylglyoxal-
derived carbonyl stress causally impacting outcome. Moreover, anserine was able to prevent and
restore methylglyoxal-induced damages of the endothelial barrier and improved outcome in
experimental sepsis. Therefore, anserine might be aninnovativetherapeuticoption forthe treatment

of sepsisand septicshock.
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6. Zusammenfassung

Die therapeutischen Moglichkeiten zur Behandlung der Sepsis/des septischen Schocks sind nach wie
vor begrenzt, und die Sterblichkeitsrate ist nach wie vor unannehmbar hoch. Neben autonomen,
endokrinen, hdmatologischen undimmunologischen Verdanderungenbeim septischen Patiententreten
infolge der Entziindung zahlreiche Stoffwechselveranderungen auf, die zur Freisetzung reaktiver
Verbindungen wie reaktiver Carbonylspezies fiihren. Der reaktive Carbonyl-Metabolit und advanced
glycation end-product Vorlaufer Methylglyoxal wurde als friiher Biomarker fir die Diagnose und
Ergebnisvorhersage bei Sepsis identifiziert. Inwieweit Erhhungen von Methylglyoxal eine Rolle fir
den Krankheitsverlauf beiSepsis und septischem Schock spielen, ist noch nicht bekannt. Um eine
potenzielle adjuvante Therapie zu testen, die bereits gezeigt hat, dass sie advanced glycation end-
products, oxidativen Stress und die Glukosehomdostase regulierende Eigenschaften, die mit
diabetischen Schaden verbunden sind, reduziert, wurde das histidinreiche Dipeptid Anserin im
septischen Kontext eingesetzt. Im Rahmen des hier vorgestellten Ansatzes wurde Methylglyoxal-
abgeleiteter Carbonylstress als ein Hauptfaktor fiir die Stérung bzw. den Umbau der endothelialen
Barriere bildenden Proteine Claudin 5 und zonula occludens-1in einem Zellkulturmodell identifiziert,
vergleichbar mit entziindlichen Schaden nach Verabreichung von Lipopolysaccharid und Tumor-
Nekrosefaktor. Methylglyoxal fiihrt zu einer gestorten Zellintegritdat sowie zu einem erhdhten
parazelluldren Austritt von kleinen und groRen Molekiilen. Diese Effekte waren nicht von der Matrix-
Metalloproteinase-Spaltung der extrazellularen Matrix abhdngig. Anserin war in der Lage,
Methylglyoxal-induzierte Schaden in vitro zu verhindern und wiederherzustellen und zeigte eine
schitzende Wirkung auf der Basis der Barriere bildenden Proteine Claudin 5 und zonula occludens-1
In einem In-vivo-Mausmodell der Sepsis akkumulierte sich Anserin 36 Stunden lang stabil in mehreren
Organen und zeigte schiitzende Effekte, indem es die Bildung von Methylglyoxal und advanced
glycation end-productsinderLunge undinden Nierenverringerte und die Kapillarleckage als auch die
Sterblichkeit reduzierte. Dariiber hinaus erhéhte Anserin die Uberlebenswahrscheinlichkeit auf 60 %
im Vergleich zur Vehikelkontrolle (36,6 %) und verbesserte den klinischen Verlauf der Tiere. Auf
immunologischer Ebene fiihrte Methylglyoxal zu einer nicht-apoptotischen und nicht-pyroptotischen
Nukleotid-bindenden Oligomerisierungsdomanen-ahnlichen Rezeptor-enthaltenden Pyrin-Domane 3-
Inflammasom-Assemblierung sowie zu einem Anstieg des Interleukin-1beta-Vorldufers und
proinflammatorischer Zytokine wie Interleukin-lbeta, Interleukin-6 und Interleukin-8 in vitro.
Methylglyoxal aktivierte weder den Zusammenbau der Untereinheit p65 des nukledren Faktors
kappaB, noch den Weg der Proteinkinase B (Akt), sondern aktivierte Gber verschiedene Wege die
mitogen-aktivierten Proteinkinasen c-Jun und p38. Die Aktivierung der c-Jun-N-terminalen Kinase
durch Methylglyoxal konnte als rezeptorabhangig fiir advanced glycation end-products identifiziert

werden, wahrend die p38-Aktivierung durch Methylglyoxal auch dann bestehen blieb, wenn der
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Rezeptoradvanced glycationend-products gehemmt wurde.Die Ergebnisse legen nahe, dass es neben
den direkten toxischen Wirkungen von Methylglyoxal einen weiteren Weg gibt, Uber den
Methylglyoxal kausal zur Entwicklung und zum Schweregrad des septischen Schocks beitragenkdnnte,
und zwar tiber einenMethylglyoxal - advanced glycation end-product/ Rezeptor fiir advanced glycation
end-products/ mitogen-aktivierten Proteinkinasen- Pfadweg, der funktionell zur Aktivierung des
Nukleotid-bindenden Oligomerisierungsdomanen-ahnlichen Rezeptor-enthaltenden Pyrin-Domane 3-
Inflammasoms mit anschliefender Freisetzung von proinflammatorischen Zytokinen sowie einem
Verlust der tight junctions fiihrt. Zusammenfassend wurde mithilfe eines translationalen Ansatzes
gezeigt, dass Sepsis mit Methylglyoxal-abgeleitetem Carbonylstress assoziiert ist, der sich kausal auf
das Ergebnis auswirkt. Darliber hinaus war Anserinin derLage, die durch Methylglyoxal verursachten
Schaden an der Endothelbarriere zu verhindern und wiederherzustellen und das Ergebnis der
experimentellen Sepsis zu verbessern. Daher kdnnte Anserin eine innovative therapeutische Option

fur die Behandlungvon Sepsis und septischem Schock sein.
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