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Patofyziológia sepsy

• Sepsa je vysoko letálny urgentný stav, ktorý je výsledkom súhry 
závažných patologických stavov - zápalu, aktivácie imunitného 
sys tému, hypoxie a r eprogramovania zák ladných 
metabolických dráh 

• Z tohto pohľadu je súčasný menežment liečby sepsy skôr 
podporný ako kuratívny - eradikácia infekcie, tekutinová 
resuscitácia na udržanie tkanivovej perfúzie, vazopresorická 
podpora na udržanie adekvátneho krvného tlaku a mechanická 
podpora zlyhávajúcich orgánov 

•Napriek pokrokom v monitorovaní a liečbe sepsy a septického 
šoku pretrváva jej vysoká mortalita (18,2 - 30,5 %)



Patofyziológia sepsy

• Sepsa je oveľa viac než len zápalové ochorenie; súčasný 
výskum predpokladá závažný vplyv koagulácie, aktivácie 
komplementu, mikrobiomovej skladby, termoregulácie, 
cirkadiáneho rytmu a metabolizmu 

• Patogenéza sepsy je jednoznačne ovplyvnená zmenami v 
metabolickej homeostáze vedúcej k závažnému energetickému 
deficitu 

•Vzhľadom na nové poznatky, limitácie súčasnej liečby, 
zvyšujúcu sa antimikrobiálnu rezistenciu a stárnutie populácie 
sa zvyšuje potreba inovatívnych terapeutických stratégii
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Metabolická resuscitácia

•Mitochondrie sú energetickým centrom eukaryotickej bunky; sú 
zodpovedné za život i smrť bunky (nekróza a apoptóza) 

• Približne 98 % kyslíka dodaného bunke využívajú mitochondire 
na produkciu energie prostredníctvom Krebsovho cyklu 

•Okrem produkcie energie sú mitochondrie zodpovedné za 
tvorbu tepla a termoreguláciu, intracelulárnu kalciovú 
homeostázu, produkciu ROS, ktoré ovplyvňujú imunitu, 
metablické dráhy a biosyntézu rôznych látok (kortizol, 
endoteliálny rastový faktor, etc.)



Metabolická resuscitácia

•Mitochondriálna dysfunkcia v skorých štádiách sepsy má 
kľúčovú úlohu v rozvoji MODS a zotavenie mitochondriálnych 
funkcií je spájané s prežitím pacienta 

• Podľa výsledkov súčasných klinických a experimentálnych 
štúdií, stratégia mitochondriálne cielenej terapie sepsy a 
septického šoku predpokladá redukciu závažnosti MODS a 
mortality 

•Metabolická resuscitácia - farmakologické a nutričné stratégie 
vedúce k zlepšeniu mitochondriálnej aktivity



Metabolická resuscitácia

• Výsledkom závažného energetického deficitu (ATP) je 
katabolický stav vedúci k rozpadu sacharidových, lipidových i 
proteinových rezerv organizmu  

• Rozsiahlym proteomickým a metabolickým skríningom pacientov 
sa zistili signifikantné rozdiely v glukózovom metabolizme,  
beta-oxidácii mastných kyselín a proteínovom katabolizme u 
prežívajúcich a zomrelých 

• Predpokladá sa, že ak sú tieto zmeny krátkodobé a mierne môžu 
pozitívne modulovať imunitnú odpoveď na elimináciu patogénu; 
nekontrolované a závažné poruchy metabolickej homeostázy sú 
však škodlivé



Mitochondriálna dysfunkcia
• Je v sepse popisovaná ako dôsledok pôsobenia reaktívnych 

molekúl produkovaných v prvých fázach zápalovej odpovede 
na mitochondriálnu DNA a transportné proteíny dýchacieho 
reťazca a oxidatívnej fosforylácie 

•Nadprodukcia laktátu - redukcia pyruvát dehydrogenázového 
komplexu (PDC), cytopatická hypoxia, hypoxická aktivácia 
transkripcie génov pre premenu pyruvátu na laktát 

•Nadprodukcia reaktívnych molekúl poškodzujúcich bunkové 
štruktúry 

•Vplyv na metabolizmus mastných kyselín a proteínový 
katabolizmus



Metabolizmus sacharidov

•Hyperglykémia je najčastejšou poruchou u septických pacientov 
spôsobená alterovaným glykogénovým metabolizmom a 
inzulínovou rezistenciou  

• Je z evolučného hľadiska žiadúca pre inzulín non-dependentné 
bunky ako sú neuróny a leukocyty  

•Glykolýza je kruciálnou pre mnohé funkcie imunitných buniek 
na pokrytie ich zvýšených enegetických nárokov pri ich aktivácii 
- fagocytóza a produkcia pro-inflamatórnych cytokínov u 
makrofágov, produkcia cytokínov v T lymfocytoch, tvorba 
protilátok B lymfocytmi, etc.



Metabolizmus mastných kyselín

• Zvýšené energetické nároky počas sepsy sú organizmom kryté 
aj mobilizáciou a oxidáciou lipidov 

• Triglyceridy z tukového tkaniva sú kruciálnym zdrojom energie 
vo fáze zvýšennej energetickej potreby  

• Telo zvyšuje lipolýzu tukového tkaniva, konvertuje triglyceridy 
na glycerol a voľné mastné kyseliny a uvoľňuje ich do krvného 
prúdu 

• Tie sú vychytávané periférnymi orgánmi a konvertované na 
energiu ß-oxidáciou



Metabolizmus mastných kyselín
Three pioneer randomized controlled trials on tight glucose

control found that control of glucose levels with insulin improved

the outcome in sepsis patients as compared to control groups (Van

den Berghe et al, 2001, 2006; Vlasselaers et al, 2009). These studies

have led to a change in standard of care and have implemented

control of glycemic levels to prevent excessive hyperglycemia

(Gunst & Van den Berghe, 2016). However, there have been some

concerns about the risk of developing severe hypoglycemia, the

difficulty of achieving normoglycemia in ICU patients, and the

contradicting results of some follow-up studies (Marik, 2016).

Therefore, a new clinical trial to test the value of tight glycemic

control was conducted, namely the Normoglycemia in Intensive

Care Evaluation–Survival Using Glucose Algorithm Regulation

(NICE-SUGAR) trial (Riske et al, 2009). The NICE-SUGAR trial

found that intensive glucose control in fact increased mortality,

suggesting that slightly elevated glucose levels are rather beneficial

and that glycemic control in ICU patients should be abandoned. It

should be noted that in the NICE-SUGAR study, the control group

was also treated with insulin to keep glycemic levels between 140

and 180 mg/dl, instead of the uncontrolled hyperglycemia (up to

215 mg/dl) in the first studies (Gunst & Van den Berghe, 2016). It

thus remains unclear how to manage glucose levels in ICU patients,

but it seems that safe, effective glucose control may be advanta-

geous over tight glycemic control.

Sepsis and fatty acid metabolism

Substantial activation of the immune system during sepsis,

combined with the inability of most patients to keep up adequate

nutrition, induces a starvation response in which next to glycolysis,

energy needs are also supplied by lipid mobilization and oxidation

(Jorgen et al, 1982; Wolowczuk et al, 2008). The storage of lipids as

triglycerides (TGs) in adipose tissue comprises the bodies’ largest

endogenous energy supply, allowing the release of fatty acids to

become crucial during states of acutely increased energy needs

(Cahill, 1970; Rittig et al, 2016). When energy demands are

elevated, the body responds by upregulating lipolysis in adipose

tissue, converting TGs into glycerol and free fatty acids (FFAs),

which are subsequently released into the bloodstream (Cahill,

1970). FFAs can be taken up by peripheral organs and converted

into energy by means of the b-oxidation pathway followed by the

TCA cycle (Fig 3). The average fat storage in a young human adult
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Figure 3. An overview of lipolysis and lipid oxidation in healthy
conditions.

(A) Lipolysis is the hydrolytic conversion of triglycerides (TG) into glycerol and
free fatty acids (FFAs) and is most abundant in white and brown adipose tissue.
This process is tightly regulated by glucagon, (nor)epinephrine, and other
hormones, but also by pro-inflammatory cytokines. Hydrolysis of the ester bonds
between long-chain fatty acids and the glycerol backbone is executed by lipases.
Up to now, three enzymes have been implicated in performing the complete
hydrolysis of TG into FFAs and glycerol: adipose triglyceride lipase (ATGL),
hormone sensitive lipase (HSL), and monoglyceride lipase (MGL). The FFAs are
released into the blood stream and can be taken up by peripheral organs to
produce energy via mitochondrial b-oxidation. (B) Fatty acid b-oxidation is a
multistep process breaking down fatty acids in the mitochondria of the cell to
produce acetyl-CoA, which can be used by the tricarboxylic acid (TCA) cycle to
produce ATP. In brief, FFAs are transported across the cell membrane by
members of the FATP transporter family. Once inside the cytosol, the FFA is
coupled to coenzyme A (CoA) by acyl-CoA synthetase (ACS) and shuttled across
the inner mitochondrial membrane by carnitine palmitoyltransferase II (CPT2)
and the carnitine acyltransferase (CAT) after being coupled to carnitine by
carnitine palmitoyltransferase I (CPT1). In the mitochondrial matrix, b-oxidation
is conducted by cleaving two carbon molecules in every oxidation cycle to form
acetyl-CoA. The cycle is repeated until the complete fatty acid has been reduced
to acetyl-CoA, which is subsequently enters the TCA cycle.
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Three pioneer randomized controlled trials on tight glucose

control found that control of glucose levels with insulin improved

the outcome in sepsis patients as compared to control groups (Van

den Berghe et al, 2001, 2006; Vlasselaers et al, 2009). These studies

have led to a change in standard of care and have implemented

control of glycemic levels to prevent excessive hyperglycemia

(Gunst & Van den Berghe, 2016). However, there have been some

concerns about the risk of developing severe hypoglycemia, the

difficulty of achieving normoglycemia in ICU patients, and the

contradicting results of some follow-up studies (Marik, 2016).

Therefore, a new clinical trial to test the value of tight glycemic

control was conducted, namely the Normoglycemia in Intensive

Care Evaluation–Survival Using Glucose Algorithm Regulation

(NICE-SUGAR) trial (Riske et al, 2009). The NICE-SUGAR trial

found that intensive glucose control in fact increased mortality,

suggesting that slightly elevated glucose levels are rather beneficial

and that glycemic control in ICU patients should be abandoned. It

should be noted that in the NICE-SUGAR study, the control group

was also treated with insulin to keep glycemic levels between 140

and 180 mg/dl, instead of the uncontrolled hyperglycemia (up to

215 mg/dl) in the first studies (Gunst & Van den Berghe, 2016). It

thus remains unclear how to manage glucose levels in ICU patients,

but it seems that safe, effective glucose control may be advanta-

geous over tight glycemic control.

Sepsis and fatty acid metabolism

Substantial activation of the immune system during sepsis,

combined with the inability of most patients to keep up adequate

nutrition, induces a starvation response in which next to glycolysis,

energy needs are also supplied by lipid mobilization and oxidation

(Jorgen et al, 1982; Wolowczuk et al, 2008). The storage of lipids as

triglycerides (TGs) in adipose tissue comprises the bodies’ largest

endogenous energy supply, allowing the release of fatty acids to

become crucial during states of acutely increased energy needs

(Cahill, 1970; Rittig et al, 2016). When energy demands are

elevated, the body responds by upregulating lipolysis in adipose

tissue, converting TGs into glycerol and free fatty acids (FFAs),

which are subsequently released into the bloodstream (Cahill,

1970). FFAs can be taken up by peripheral organs and converted

into energy by means of the b-oxidation pathway followed by the

TCA cycle (Fig 3). The average fat storage in a young human adult
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Figure 3. An overview of lipolysis and lipid oxidation in healthy
conditions.

(A) Lipolysis is the hydrolytic conversion of triglycerides (TG) into glycerol and
free fatty acids (FFAs) and is most abundant in white and brown adipose tissue.
This process is tightly regulated by glucagon, (nor)epinephrine, and other
hormones, but also by pro-inflammatory cytokines. Hydrolysis of the ester bonds
between long-chain fatty acids and the glycerol backbone is executed by lipases.
Up to now, three enzymes have been implicated in performing the complete
hydrolysis of TG into FFAs and glycerol: adipose triglyceride lipase (ATGL),
hormone sensitive lipase (HSL), and monoglyceride lipase (MGL). The FFAs are
released into the blood stream and can be taken up by peripheral organs to
produce energy via mitochondrial b-oxidation. (B) Fatty acid b-oxidation is a
multistep process breaking down fatty acids in the mitochondria of the cell to
produce acetyl-CoA, which can be used by the tricarboxylic acid (TCA) cycle to
produce ATP. In brief, FFAs are transported across the cell membrane by
members of the FATP transporter family. Once inside the cytosol, the FFA is
coupled to coenzyme A (CoA) by acyl-CoA synthetase (ACS) and shuttled across
the inner mitochondrial membrane by carnitine palmitoyltransferase II (CPT2)
and the carnitine acyltransferase (CAT) after being coupled to carnitine by
carnitine palmitoyltransferase I (CPT1). In the mitochondrial matrix, b-oxidation
is conducted by cleaving two carbon molecules in every oxidation cycle to form
acetyl-CoA. The cycle is repeated until the complete fatty acid has been reduced
to acetyl-CoA, which is subsequently enters the TCA cycle.
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Metabolizmus mastných kyselín

• Lipotoxicita je kombináciou zvýšennej lipolýzy a/alebo deficitu 
oxidácie mastných kyselín 

• Je definovaná ako metabolický syndróm spôsobený ukladaním 
tukových častíc v netukových tkanivách a môže viesť k bunkovej 
dysfunkcii až smrti 

•Metabolicky aktívne tkanivá (pečeň) chránia zvýšeným 
vychytávaním mastných kyselín senzitívnejšie orgány (pľúca) 
pred ich toxickým účinkom 

• Klinicky je tento fenomén popísaný ako steatóza a bol 
identifikovaný v pečeni, obličkách a srdci po endotoxémii v sepse



Metabolizmus mastných kyselín

more sensitive organs including the lungs from the toxic side effects

of high FFA levels. Clinically, this phenomenon is addressed as

steatosis and has been identified in liver, kidney, and heart after the

onset of endotoxemia and sepsis (Zager et al, 2005; Rossi et al,

2007; Koskinas et al, 2008). When lipids continue to accumulate,

certain lipid metabolites such as diacylglycerol (DAG), ceramide,

and saturated fatty acids reach a critical level that could potentially

be harmful to the tissue cells. It has been accepted that excess of

lipids are ultimately steered toward non-oxidative pathways which

results in the formation of toxic lipid species that cause mitochon-

drial dysfunction (Bugger & Abel, 2008), modify cellular signaling

(Yang & Barouch, 2007) and increase apoptosis (i.e., “lipoapopto-

sis”; Unger & Orci, 2002). More recently, toxic lipid species have

been associated with the induction of ferroptosis, an alternative type

of programmed cell death dependent on iron. The role of ferroptosis

as a cell death mechanism contributing to organ damage in sepsis

has been hardly explored. Nevertheless, ferroptosis has been impli-

cated in acute kidney failure and could be an important alternative

cell death pathway during sepsis (Linkermann et al, 2014; Müller

et al, 2017; Wenzel et al, 2017). The precise contribution and

impact of each of above-mentioned altered cellular processes have

not been properly delineated and seem to depend on lipid composi-

tion and cell type (Ghosh & Rodrigues, 2006). For a more detailed

discussion on lipotoxicity, we refer to a number of excellent recent

reviews (Wende & Abel, 2010; Ertunc & Hotamisligil, 2016; Engin,

2017).

Mitochondrial dysfunction Mitochondrial dysfunction due to the

fatty acid overload can be caused by the increased production of

ROS (Schönfeld & Wojtczak, 2008), the uncoupling of the oxida-

tive phosphorylation (Rial et al, 2010) and the permeabilization of

the outer mitochondrial membrane (Listenberger & Schaffer,

2002). As stated before, it has been described that systemic

inflammation can affect mitochondria by several mechanisms

such as the generation of excess amounts of nitric oxide, carbon

monoxide and ROS which directly inhibit mitochondrial function
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Figure 4. Lipolysis, fatty acid oxidation, and ketogenesis in sepsis.

Sepsis is associated with the development of an anorectic response since patients are often unwilling or unable to eat. During a normal starvation response and during
sepsis, lipolysis in white and brown adipose tissue is being upregulated by several pro-lipolytic signals. The inhibitory effect on lipolysis of insulin, which is upregulated
in sepsis due to high glucose levels, is however absent due to insulin resistance. Free fatty acids (FFAs) in the blood are upregulated in both conditions and can be taken up by
peripheral organs to produce energy. The increased FFA levels activate and upregulate the expression of PPAR-a, the main transcription factor responsible for the
induction of genes involved in the b-oxidation of fatty acids and the production of ketone bodies (KBs). During sepsis, PPAR-a levels are downregulated and the breakdown of
fatty acids through b-oxidation is compromised, causing FFAs to accumulate in organs such as the liver, heart, and kidney, but also in the blood. Overall, the deficits in
FFA breakdown during sepsis cause a shortage of energy and lipotoxicity and mitochondrial damage due to FFA accumulation. Green represents the normal starvation
response, and red represents the response during sepsis.
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Metabolizmus proteínov a AK

• Proteolýza a znižovanie objemu svalovej hmoty je jednoznačne 
dokumentované počas sepsy v skeletálnom svalstve 

• Príčinou proteolýzy je jednak energetická potreba a jednak 
potreba aminokyselín na tvorbu proteínov akútnej fázy 

• Rovnako sa na tom podieľa aj zlý nutričný status a dodávka 
týchto nutrientov počas akútnej fázy sepsy 

• Suplementácia aminokyselín ako sú glutamín, arginín a taurín 
počas sepsy preukázala pozitívny vplyv na outcome ako sú  
redukcia sekundárnych infekcií a skrátenie hospitalizácie



Metabolizmus proteínov a AK

• Rovnako sú v centre pozornosti aj alanín, leucín a izoleucín, 
ktoré môžu slúžiť ako akceptory keto-skupín z pyruvátu 

• Tieto aminokyseliny môžu potom slúžiť ako zdroj energie pre 
iné orgány - obličky, črevo a pečeň

Sepsis and amino acid metabolism

In sepsis, a general catabolic status is observed. As we described

above, a starvation-like status leads to breakdown of carbohydrate

and fat reserves, but also protein is degraded in several organs.

Proteolysis, the trimming of proteins into smaller polypeptides and

amino acids (AAs) has been best documented in skeletal muscle.

The signals that lead to extensive muscle wasting or the proteases

involved are poorly described in this condition. Similar to glycogen

breakdown in liver and lipolysis in white adipose tissue, proteolysis

is most likely the result of hormonal regulation, with glucagon and

glucocorticoids being potential candidate regulators, as well as

proteasomal proteases and inflammatory stimuli (Biolo et al, 1997).

The precise reason for the increased proteolysis in sepsis fits into a

general reshuffling of energy-rich molecules, as well as an increased

need of AAs in the liver to sustain the acute phase response (Hassel-

gren et al, 1988). Several amino acids are also known to play an

important role in inflammatory cells. For example, glutamine is an

important precursor for peptide and protein synthesis supporting

cytokine production. Glutamine is also required for purine and

pyrimidine and thus nucleic acid and nucleotide synthesis allowing

proliferation of immune cells. Arginine can be converted into nitric

oxide by nitric oxide synthase, which is then released by M1 macro-

phages.

All AAs are found to be increased in muscle cells, by proteolysis,

and new amino acids seem to be formed due to catabolic chemical

reactions (Su et al, 2015). Also in plasma, most amino acids are

highly altered. Certain amino acids, especially taurine, are found to

play an important role in predicting the severity and outcome in

sepsis (Su et al, 2015). Supplementation of amino acids, such as

glutamine, arginine, and taurine, during sepsis showed positive

outcomes such as reduced length of stay and reduced number of

secondary infections (Arts et al, 2016).

Specifically the branched-chain amino acids (BCAAs), such as

alanine, leucine, and isoleucine, are of interest. These AAs can func-

tion as acceptors of keto-groups from pyruvate and glutamate, lead-

ing to glutamine and alanine. These AAs can enter the blood and

can be used as energy-rich AAs by other organs. Organs that are

classically considered as targets are the kidney, intestine, and liver

(Fig 5). In kidney and intestine, glutamine can be de-aminated to

glutamate, which can enter the TCA cycle via a-ketoglutarate,
potentially leading to the formation of alanine. Under normal condi-

tions, the NH3 that is released during glutamine conversion is

removed via urine or the intestinal lumen. Glutamine metabolism in

the liver is low, especially because the liver has no big capacity to

deal with NH3. Alanine, produced in the muscle, kidney, and intes-

tine is transported to the liver, where it is oxidized and de-aminated

into pyruvate, which can subsequently enter the TCA cycle.

Depending on the degree of hypoxia, pyruvate can be reduced to

lactate or lead to glucose via gluconeogenesis. In septic patients, an

increase in gluconeogenesis due to elevated alanine uptake in liver

would be preferential, but, as stated above, gluconeogenesis is

compromised in sepsis, which might therefore increase alanine

levels in the blood of septic patients as observed by Langley et al

(2013). Increases in ammonia in sepsis blood are observed in case

of severe hepatic failure (Nesseler et al, 2012), a condition that is

estimated to occur in about 20% of septic shock patients. Under

such conditions, liver failure leads to a multitude of problems, such
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Figure 5. Overview of protein catabolism in sepsis.

In sepsis conditions, catabolism of proteins in skeletal muscle is a recurrent feature, but the main regulators are still not identified. Branched-chain amino acids (AAs)
are oxidized to branched-chain keto acids (BCKAs), which can be used in the TCA cycle. Glutamine (Gln) and alanine (Ala) find their way to kidney and intestine and liver. In
the former two, Gln is de-aminated to glutamate (Glu) and ammonia (NH3), which is removed. Glu and pyruvate can yield Ala and a-ketoglutaric acid (aKG),
which can enter the TCA cycle. Ala is mainly used as a gluconeogenic substrate and is transformed to pyruvate, whereby the NH2 group is removed via the urea cycle. During
liver failure, ammonia may leak into the blood, leading to brain damage and coma.
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Konsekvencie reprogramovania metabolizmu

Conclusion

In a healthy organism, energy expenditure and energy income are in

balance. During extensive exercise, the consumption of O2 by the

TCA cycle exceeds the available amounts, and the resulting hypoxia

leads to a mainly HIF-1a coordinated closure of the mitochondrial

import of pyruvate, and an increased production of lactate, which

can be consumed elsewhere in the body. The toxic lactate causes

muscle cramps, enforcing the end of the exercise. During starvation,

that is, when no or limited amounts of food enters the system, a

prolonged imbalance of the energy homeostasis is created and in

essence two systems are initiated to cause rearrangements of the

metabolism. First, hormones (glucagon, epinephrine, nore-

pinephrine, glucocorticoids), sensing low metabolic concentrations,

coordinate a starvation response, leading to the release of energy-

rich molecules from the resources, for example, glucose from glyco-

gen, AAs from protein and FFAs and glycerol from TGs. The AAs

will lead to glucose via gluconeogenesis in the liver, a process

strongly coordinated by glucocorticoids and the GR, while several of

the FFAs act as ligands for another nuclear receptor PPAR-a. These
receptors are transcription factors and induce genes that are essen-

tial in the gluconeogenesis and b-oxidation processes, respectively.

This is a system of high efficiency and strongly stimulated by the

transcriptional co-factor PGC1-a. Second, the amounts of mitochon-

dria, well-known as the organelles where TCA cycle and FFA b-
oxidation occur, are increased by a process of mitochondrial biogen-

esis, again by the stimulating action of PGC1-a.
In sepsis, the energy balance is clearly disturbed. There is energy

needed, but patients are unwilling or incapable to eat and a starva-

tion response develops. Due to the infection, an inflammation and

immune response develop, and as a consequence a HIF-1a signature

is seen (Fig 6). This leads to a limited mitochondrial function, which

may serve several goals. First, inflammation leads to mitochondrial

damage, so limiting the importance of these organelles in ATP

production seems logical. Second, the metabolism of glucose shifts

to aerobic glycolysis, which may be of interest for a more efficient

function of white blood cells. Third, some authors suggest that the

reduction in mitochondrial respiration under such conditions is a

conserved pathway of limiting energy expenditure, leading to a meta-

bolic reprogramming, as is observed during hibernation in several

mammalian taxa. Of course, neither humans nor mice are hibernating

species, so the importance of these pathways may be questioned.

Nevertheless, the danger of a reduced mitochondrial activity is obvi-

ous: Most of the energy-rich molecules produced from the energy

stores need active mitochondria to be properly consumed by cells. It

is likely that the systemic aspect of sepsis forms the major hurdle of

this strategy, because mitochondrial function in sepsis seems to be

failing in all tissues, and as a consequence, lactate, FFAs, and other

catabolic products accumulate and cause tissue damage and death.

Although it is clear that there is very significant metabolic repro-

gramming in sepsis, besides the activation of other complex systems

(inflammation, coagulation, complement activation, hypoxia

response), and given the fact that these pathways all influence one

another, it is hard to conclude how, where, and when the metabolic

pathways that are calling for therapeutic modulation have to be

addressed in a safe and effective way. Based on this overview of the

literature, it is our opinion that three early pathways deserve special

attention, namely (i) the generation of lactate by the increased HIF-

stimulated glycolysis, (ii) the accumulation of free fatty acids in the

blood, by the decreased ability of tissues to oxidize them via beta-

oxidation, and (iii) the decreased generation of ketone bodies by the

liver. Since the liver also appears to be undergoing these metabolic

rearrangements, and based on the availability of liver-targeting

approaches in today’s pharmacology, this organ could be the best

option to study in preclinical models of sepsis.
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Figure 6. The toxic consequences of metabolic reprogramming in sepsis.

Infection is the start of sepsis. It leads to direct tissue damage and to
inflammation, which in turn leads to hypoxia, which is essential to allow white
blood cells (WBCs) to produce fast ATP from glucose and act fast on the
infectious agents. The hypoxic response also leads to mobilization of energy-rich
molecules such as lactate and fatty acids, which however can also lead to
toxicity, when over abundant.

Pending issues

(i) Failure of all clinical sepsis trials is likely caused due to patient
heterogeneity: stratification is the key.

(ii) Studies directed toward the ideal sepsis animal model.
(iii) Studies elucidating sepsis as an inflammatory versus metabolic

disorder and identification of key target organs.
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Ostatné metabolické resuscitátory

•Koenzým Q10 - súčasť mitochondriálneho elektrónového 
transportného reťazca 

•U septických pacientov bola dokázaná jeho nízka plazmatická 
hladina 

•Orálna alebo NGS aplikácia jeho redukovanej formy ubiquinolu 
účinne viedla k zvýšeniu plazmatickej hladiny CoQ10

Donnino MW et al. Crit Care 2015



Ostatné metabolické resuscitátory

• L-carnitín - esenciálny pre mitochondriálnu oxidáciu mastných 
kyselín 

• Jeho nedostatok spôsobuje prerušenie mitochondriálneho 
elektrónového transpor tného reťazca a hromadenie 
dlhoreťazcového acyl-CoA 

• Palmi toy l -CoA ovplyvňuje permeabi l i tu vnútorne j 
mitochondriálnej membrány a spôsobuje jej dysfunkciu 

•Vo farmakometabolomickej štúdii bol dokázaný jeho priznivý 
vplyv na redukciu týchto zmien

Puskarich MA et al. Ann Am Thorac Soc 2015



Ostatné metabolické resuscitátory

•Kofeín 

• Cytochróm oxidáza - terminálna oxidáza elektrónového 
transportného reťazca, je inhibovaná v srdcovom svale počas 
sepsy 

•Aplikácia kofeínu u septického animálneho modelu obnovila jej 
aktivitu, viedla k zlepšeniu kardiálnych funkcií a zvýšila 
prežívanie v porovnaní s FR

Verma R et al. Crit Care Med 2009



Ostatné metabolické resuscitátory

•Melatonín - a jeho metabolity sa hromadia v mitochondrii a 
majú silný antioxidačný efekt 

•Vo fáze I klinického výskumu melatonín dokázal redukciu 
oxidatívneho stresu, zápalu a mitochondriálnej dysfunkcie u 
septických pacientov

Galley HF et al. J Pineal Res 2014
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