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Hlavni prenasecové systémy pro pasivni (GLUT) a aktivni (SGLT) transport
glukdzy pres bunéénou membranu a jejich zakladni charakteristiky

Prenasec

Hlavni lokalizace

Senzitivita
k inzulinu

Poznamka

GLUT 1

erytrocyty, placenta,
cévy CNS,
sval, tukova tkan

ne

K_=5-7 mmol/Il

GLUT 2

jatra, ledviny, stfevo,
B-bunky pankreatu

K_=7-20 mmol/I

GLUT 3

neurony CNS

K_=1-2 mmol/I

GLUT 4

kosterni sval,
tukova tkan, srdce

K =5 mmol/l

GLUT 5

tenké strevo, ledviny

K, =5 mmol/l
specificky pro fruktozu

SGLT1

enterocyty
proximalni tubuly ledvin

aktivni transport glukozy a galaktozy
vysoka afinita, mala kapacita

SGLT2

proximalni tubuly ledvin

aktivni transport glukozy a galaktozy
nizka afinita, vysoka kapacita

GLUT —glucose transporters
SGLT — sodium-dependent glucose transportes

Mueckler M a Thorens B (2013) The SLC2 (GLUT) Family of Membrane Transporters. Mol

Aspects Med. 34:121-138.
Holecek, M. Regulace metabolismu zakladnich Zzivit u ¢lovéka. Karolinum 2016.
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G-6-P: glukdza-6-fosfat; F-1,6-P2: fruktdza-1,6-bifosfat; PEP — fosfoenolpyruvat; PC — pentdzovy cyklus;
CC — citratovy cyklus; AA — aminokyseliny; Gra-3-P: glyceraldehyd-3-fosfat; DHA-P: dihydroacetonfostat. Holegek. M. Resulace metabolismu zakladnich ivit u &lovéka. Karolinum 2016.
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1-hexokindza; 2-fosfofruktokinaza; 3-pyruvatkindza; 4-pyruvatdehydrogenaza; 5-laktatdehydrogenaza; 6-bifunkéni

enzym regulujici tvorbu fruktéza-2,6-P2.

CC — citratovy cyklus; DHA-P: dihydroacetonfostat; TAG-triacylglyceroly; PEP — fosfoenolpyruvat; Gra-3-P: glyceraldehyd- Holegek, M. Regulace metabolismu zdkladnich Zivit u ¢lovéka.
3-fosfat; F-6-P: fruktdza-6-fosfat; F-1,6-P2: fruktdza-1,6-bifosfat; F-2,6-P2: fruktdza-2,6-bifosfat; G-6-P: glukéza-6-fosfat. Karolinum 2016.



GLUKOZA
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1-pyruvatkarboxylaza (PyC); 2-fosfoenolpyruvatkarboxykindza (PEPCK); 3-fruktdza-1,6-bifosfataza;
4-glukdza-6-fosfataza; 5-bifunkéni enzym regulujici tvorbu fruktéza-2,6-P2. Holecek, M. Regulace metabolismu zdkladnich Zivit u ¢lovéka.
Oam — oxalacetat mitochondridlni; Oac — oxalacetdt cytosolovy. Karolinum 2016.



Laktatovy

(Coriho)
cyklus

-moznost vyuziti svalového glykogenu
jako zdroj glukodzy pro potreby celého
organismu, zejm. CNS

laktdt <

glukoza

laktat

Holeéek, M. Regulace metabolismu zakladnich zivit u ¢lovéka. Karolinum 2016.
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1-pyruvatkarboxylaza (PyC); 2-fosfoenolpyruvatkarboxykindza (PEPCK); 3-fruktdza-1,6-bifosfataza;

4-glukdza-6-fosfataza; 5-bifunkéni enzym regulujici tvorbu fruktéza-2,6-P2.

Oam — oxalacetat mitochondridlni; Oac — oxalacetdt cytosolovy.

Hlavni reakce
glukoneogeneze
a jejich regulace

Holecek, M. Regulace metabolismu zakladnich Zivit u ¢lovéka.
Karolinum 2016.
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1-pyruvatkarboxylaza (PyC); 2-fosfoenolpyruvatkarboxykindza (PEPCK); 3-fruktdza-1,6-bifosfataza;
4-glukdza-6-fosfataza; 5-bifunkéni enzym regulujici tvorbu fruktéza-2,6-P2. Holecek, M. Regulace metabolismu zdkladnich Zivit u ¢lovéka.
Oam — oxalacetat mitochondridlni; Oac — oxalacetdt cytosolovy. Karolinum 2016.



Alaninovy
(Feliglv)
cyklus

-glukoplastické aminokyseliny: zejm.
alanin, déle arginin, kyselina asparagova,
cystin, fenylalanin, kyselina glutamova,

glutamin, glycin, histidin, hydroxyprolin,
methionin, prolin, serin, threonin, valin aj.

-vyuziti glukdzy vytvorené v jatrech ze
svalového alaninu jako zdroj glukdzy pro
potreby celého organismu, zejm. CNS

BCAA-aminokyseliny s rozvétvenym retézcem;
BCKA-a-ketokyseliny s rozvétvenym fetézcem; Holeéek, M. Regulace metabolismu zakladnich Zivit u ¢lovéka.
Ala-alanin; a-KG-alfaketoglutarat. Karolinum 2016.




Pentozovy cyklus (hexdbzamonofosfatovy zkrat)

Alternativni cesta oxidace

glukdzy:

* 80-90% glykolyzou

 10-20% pentdzovy cyklus

Nevyzaduje kyslik

Negeneruje ATP

2 hlavni funkce oxidativ.PPP:

* Tvorba NADPH (biosyntetické
drahy, obrana proti
oxida¢nimu stresu

e Tvorba ribdza-5-fosfatu
(syntéza nukleotidl a
nukleovych kyselin)

Non-oxidativ. PPP: rekonverze

pentoso fosfaty na glukéza-6P), a

2 intermediaty frukt6zo-6P a

glyceraldehyd-3P (GA-3P) ...

glykolytické intermediaty
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Wamelink M M C, Struys E A & Jakobs C. The biochemistry, metabolism and inherited defects of the pentose phosphate pathway: a review. J. Inherit. Metab. Dis. 2008;31:703-717.




Neenergeticka
fukce glukozy v
metabolismu
<riticky
nemocnych
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Rozdily v metabolizmu
olukozy kriticky
nemocnych




Adaptacni reakce
na stres: Hans
Seley, 1949

. fight of flight“

* Neuroendokrinni a
imunitni odpoved

e Aktivace sympatiku
(dren nadledvin:
adrenalin, noradrenalin,
kUra nadledvin: kortizol)

* Hypothalamo-pituirarni
osa: hormony
adenohypofyzy
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Selye H & Fortier C. Adaptive reactions to stress. Res. Publ. - Assoc. Res. Nerv. Ment. Dis. 1949;29:3—-18.




Hyperglykémie napfic kritickymi stavy, korelace se zavaznosti zdravotniho stavu

ZvySena koncentrace a Nizsi oxidace a vyssi recyklace glukoz TPN zvysSuje proteosyntézu a
tvorba glukozy TPN zvysuje kapacitu oxidace glukézy brani ztratam proteinu
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voluntears  TreumaiBassl  TraumalTPN
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Voluntears Trauma Trauma/TPN
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43 trauma pacient(l (autonehody, 3x sebevr.skok z 30m Auckland Harbor mostu, 32 dobrovolnikli — metabolickd odpovéd na trauma, vliv TPN (50% kalorii glukdza, 50% tuk) na VO2, produkci a oxidaci glukdzy,
proteosyntézu (isotopové studie)

Shaw J H & Wolfe R R. An integrated analysis of glucose, fat, and protein metabolism in severely traumatized patients. Studies in the basal state and the response to
total parenteral nutrition. Ann. Surg. 1989;209:63-72.



Stresova

e Patient predisposition
hyperglykémie v precisp
intenzivni péé| Pancreatic reserve
Insulin resistance
Treatment lliness <
Exogenous glucocorticoids Catecholamines
Vasopressors _ HPA axis activation
Total parenteral nutrition Inflammatory cytokines
Enteral nutrition Lipotoxicity
Hyperglycaemia

Dungan K, Braithwaite SS, Preiser JC: Stress hyperglycemia. Lancet 2009, 373:1798-1807.




Inzulinova rezistence u
kriticky nemocnych

* typicka pro kritické onemocnéni

e porucha v ucinku inzulinu — normalni hladiny v plazmé vyvolavaiji nizsi
biologickou odpoved

* pficina nebo dusledek hyperglykémie?

* adaptacni reakce, ktera Setri glukdzu pred oxidaci pro jiné, napt.
anabolické reakce?




Inzulinova senzitivita v zavislosti na

typu chirurgické procedury/zatéze

Reduction in Insulin Sensitivity (%)
0 - | | Preop level

-10 - Lapchol Open hernia Open chol — Open colorectal

-20 - ’

-50 l _
More
-60 - P <0.001, ANOVA | | Insulin
n=6-13 | | Resistance

Postop / Preop M-value x 100 (%)
5
o

-80
Lap, laparosocopic; Chol, cholecystectomy. n = 6—13 per group, means + SEM; differences between groups P < .001, analysis of variance. Podle Thorell et al.
LJUNGQVIST, Olle. Jonathan E. Rhoads Lecture 2011. JPEN. Journal of parenteral and enteral nutrition [online]. 2012, 36(4), 389-398









Abnormalni sekretoricky produkt B bunéek

Porucha se normalizuje po poddni exogenniho inzulinu
a) abnormalni molekula inzulinu
b) neldplna preména proinzulinu

Inzulinova rezistence v cilové tkani

Porucha pretrvdva i po poddni exogenniho inzulinu

a) primarni porucha (mutace genu — inzulinovy receptor, tyrisinkinaza, signalni proteiny,
glukozové transportéry, glukokinaza, mitochondrialni DNA, defekty bunéénych enzyma)

b) sekundarni porucha (normalizuje se po odstranéni priciny, kterd k ni vede)

1. Humoralni pficiny

- ZvySeni kontraregulacnich hormon

- Hyperinzulinismus

- Prozanétlivé cytokiny, adipokiny, TNFalfa, glykoprotein PC-1, fosfoprotein pp63

2. Metabolické priciny

- Zvyseni volnych mastnych kyselin

- Aciddza/alkaldza

- Hyperglykemie a oxidacni stres

- Hyperosmolarita/hypoosmolarita

3. Vegetativni nervstvo a CNS

4. Protilatky proti inzulinu a inzulinovému receptoru

Pelikanova T, Bartos V. Prakticka diabetologie, Maxdorf 2011.



Vliv hormonu

na glykemii a
S ERIN IS
jejich
pusobeni

Hormon

Viiv na glykemii

Hlavni mechanismus

1 poCtu GLUT 4 v tukové tkani a kosternim svalu

inzulin l 1 glykogeneze v jatrech a ve svalu i
1 glykolyzy a lipogeneze v jatrech, svalu a tukove tkani
| glukoneogeneze a glykogenolyzy v jatrech

glukagon 1 1 glykogenolyzy a glukoneogeneze v jatrech
| glykogeneze a glykolyzy v jatrech

adrenalin 1 1 glykogenolyzy
1 glukoneogeneze

el 1 1 resorpce glukozy ve strevu
1 glykogenolyzy v jatrech
1 glukoneogeneze

kortizol 1 1 nabidky glukoplastickych AA (inhibice proteosyntézy

a aktivace proteolyzy v kosternim svalstvu)

GH /) ] citlivosti na inzulin

Holeéek, M. Regulace metabolismu zakladnich zivit u ¢lovéka. Karolinum 2016.



Insulin Glucose transport
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Stresova hyperglykemie: - o B Cytoplasm
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Vv tké n I'Ch GLUT, glucose transporter; IkB, inhib}ESrE;TEK, inhibitor kB kinase; IRS-1, insulin receptor substrate-1; LBP, lipopolysaccharide

binding protein; LPS, lipopolysaccharide; NF-kB, nuclear factor-kappa B; NO, nitric oxide; TLR4, Toll-like receptor-4.

upregulace GLUT-1 a downregulace GLUT-4 ... redistribuce glukdzy z perifernich tkani na imunitni bunky a nervovy systém
Marik P E & Bellomo R. Stress hyperglycemia: an essential survival response! Crit. Care. 2013;17:305.



Tukova tkan: mastne kyseliny,
leptin, resistin, adiponectin ... klic
VvV rozvoji inzulinove resistence s
vlivem na cely organismus?
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HK — hexokindza, PDH — pyruvatdehydrogenaza, PFK — fosfofruktokinaza, NAD - nikotinamidadenindinukleotid

Pelikdnova T, Bartos V. Prakticka diabetologie, Maxdorf 2011.



Ovlivneni FFA pri TPEV v ramci inzulinove rezistence

kriticky nemocnych

GLUCOSE group vs. LIPID group - total FFA
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p = 0.0001 for differences between groups
p = 0.001 for changes over time
p = 0.063 for group and time interaction

I GLUCOSE group

LIPID group

Diagnosis ICU pts., n=48 Number of Patients
Acute pancreatitis 22
Gastroinstestinal bleeding 8
Bowel perforation, enteric fistulas 5
Bowel obstruction and ileus 4
Ischemic bowel disease 3
Crohn’s disease 3
Vasculitis with ileus 2
Chemical burns of the oesophagus and stomach 1
Variable G;o;gsc G;lr(;ugg’]_ p-Value
Energy (kcal-kg™ IBW-day™!) 30518 304+13 0.764
Non-protein energy (kcal-kg~! TBW-day~1) 232+x16 231+10 0.788
Amino acids (g-kg™! TBW-day™1) 1.8+0.1  18+0.1 0.775
Glucose (g-kg_1 IBWAday_l) 58+04 29+02 <0.001
Lipids (g-kg ™" IBW-day™") 0 12+0.1 <0.001

Skorepa, Pavel, Ondrej Sobotka, Jan Vanek, Alena Ticha, Joao Fortunato, Jan Manak, Vladimir Blaha, Jan M. Horacek, and Lubos Sobotka. 2020. "The Impact of Glucose-Based or Lipid-

Based Total Parenteral Nutrition on the Free Fatty Acids Profile in Critically Ill Patients" Nutrients 12, no. 5: 1373.



Leptin

Reguluje prijem stravy a vydej energie s cilem udrzet télesné zasoby tuku
Plasmatické koncentrace se zvysuji umerné mnozstvi télesného tuku
V hypothalamu indukuje anorexii

Inhibuje tvorbu inzulinu a sekreci z beta-bunék pankreatu

Inzulin naopak stimuluje sekreci leptinu z tukové tkané

Leptin zvysuje vychytavani glukozy ve svalech, srdci, hnedém tuku

Campfield et al. 1995, Huml et al. 2011, Kalra 2011, Amitani et al. 2013



/vysena koncentrace leptinu koreluje s vyvoje

inzulinoveé rezistence kriticky nemocnych

Diagnosis ICU pts., n=48 Number of Patients

Acute pancreatitis 22
Gastroinstestinal bleeding 8
Bowel perforation, enteric fistulas
Bowel obstruction and ileus
Ischemic bowel disease
Crohn’s disease
Vasculitis with ileus
Chemical burns of the oesophagus and stomach

1 2 3 4 5 6 7

Dny

=N W W e Ul

Leptin (pg/ml osy)

Skofepa, Pavel, Ondfej Sobotka, Jan Vanék, Alena Ticha, Joao Fortunato, Jan Manak, Vladimir Blaha, Jan M. Horacek, and Lubo$ Sobotka. 2020. "The Impact of Glucose-Based or Lipid-
Based Total Parenteral Nutrition on the Free Fatty Acids Profile in Critically Ill Patients" Nutrients 12, no. 5: 1373.



Adiponektin

Inzulin-senzitivujici hormon

Pri obezité zejména visceralni snizené hladiny

Pomér adiponektin/leptin vhodny marker inzulinové resistence

Pomér adiponektin/leptin snizen u inzulinové rezistence

Matsuzawa 2004, Weyer 2001, Kondo et al. 2002, Jung et al. 2010
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Pus vzniku inzulinové rezistence
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£
= 50
3
0 -
- IC1 IC2 Recovery

8 pacientl se subarachnoiddlnim krvacenim na ICU

Analyza den 1-2, 7-9, za 8 mésicl

Kontinualni infuse glukdzy — stabilni glykémie i pfes inzulinovou resistenci
Exprese genl tukové tkané

Jernas M et al. Changes in adipose tissue gene expression and plasma levels of adipokines and acute-phase proteins in patients with critical iliness. Metabolism. 2009;58:102—-108.



Molekularni mechanismy inzulinové rezistence

Effect of Insulin on Glucose Uptake

Insulin q D

Snizeni vychytavani glukozy v periferii
prostfednictvim insulinu muze byt dano:

(1) defekt v inzulinovych signalnich
drahach, zejména phosphoinositide-3-
kinase—protein kindsa (P13K) t;.
poklesem intracelularniho prenosu
signalu, nebo PDK 1/2

(2) defekt v translokaci transportéru

GLUT-4 do plasmatické membrany t;j.

vliv na vychytavani glukozy Akt = serine/threonine protein kinaza; IRS-1 = insulin receptor
substrate 1; P = phosphorylace; PDK1/2 = 3-phosphoinositide-
dependent protein kinase 1

o Ll ‘&l

GLUT4-containing
vesicle I O

Gillis C & Carli F. Promoting Perioperative Metabolic and Nutritional Care. Anesthesiol. J. Am. Soc. Anesthesiol. 2015;123:1455-1472.



Interakce mezi metabolismem glukozy a FA ve svalu:

lipotoxicita
FA o
Vv e Hromadeéni TG ve svalech
FA-CoOA—=>TG  Zvyseniintracelularni

koncentrace FA-CoA

* Inhibice CPT 1 (transport FA
do mitochondrii k beta-
oxidaci)

Acetyl-CoA FA"E’;E
Glucose Oxii\tion

CPT1=karnitin palmitoyl transferaza

American
J. Denis McGarry Diabetes 2002;51:7-18 (Bantingova predndska 2001) Diabetes
©2002 by American Diabetes Association Association.
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odlisny patofyziologicky
mechanismus

reverzibilni po odeznéni akutniho
stavu

vytvari celularni rezistenci k
ischemickych a hypoxickym
insultdm

Marik P E & Bellomo R. Stress hyperglycemia: an essential survival response! Crit. Care. 2013:17:305.
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Insulin therapy in the intensive care unit should be targeted
to maintain blood glucose between 4.4 mmol/l and 6.1 mmol/Il

G. Van den Berghe
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Figure 1. Kaplan—-Meier Curves Showing Cumulative Survival of Patients Who Received Intensive In-
sulin Treatment or Conventional Treatment in the Intensive Care Unit (ICU).

Patients discharged alive from the ICU (Panel A} and from the hospital (Panel B} were considered to
have survived. In both cases, the differences between the treatment groups were significant (survival
in ICU, nominal P=0.0058 and adjusted P=<0.04; in-hospital survival, nominal P=0.01). P values were
determined with the use of the Mantel-Cox log-rank test.

Implementovano do doporuceni
... ale:

Nasledujici studie nebyly
schopny potvrdit

Limitace: prevazné pacienti
po kardiochirurgickych
vykonech

Nebylo zaslepeno
Kontrolni skupina nebyla
reprezentativni

VAN DEN BERGHE, G. et al. Intensive Insulin Therapy in Critically Ill Patients. N. Engl. J. Med. 2001;345:1359-1367.
VAN DEN BERGHE, G. Insulin therapy in the intensive care unit should be targeted to maintain blood glucose between 4.4 mmol/l and
6.1 mmol/Il. Diabetologia [online]. Berlin/Heidelberg: Springer-Verlag, 2007, 51(6), 911-915



Doporuceni udrzovat glykémii na

hladinach mezi 8 az 10 mmol/I

180+
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1404

120+

Blood Glucose Level
(mg/dl)

100+

80+

Conventional glucose control
A—— 1

Intensive glucose control

0

T T — T 1 1T 1 1T 1 1
Base-1 2 3 4 5 6 7 & 9 10 11 12 13 14

line Day after Randomization
Mo. of Patients
Conventional control 2995 2713 1380 Q09 583
Intensive control 2989 2260 14238 903 562

konvencni rezim glykémie
(<10 mmol/l) vs. tésnd
kontrola (4,5 - 6,0
mmol/l) pomoci
intravenodznich davek
insulinu

zvysena mortalita u
pacientl v intenzivni
inzulinové vetvi

vysledek stejny u
chirurgickych cCi internich
pacientl nebo u znamych
diabetiku

vadi hypo/hyperglykémie,
variabilita glykémii

Probability of Survival
=)

Days after Randomization
Mo. at Risk
Conventional control 3014 2379 2304 2261
Intensive control 3016 2337 2297 2182

NICE-SUGAR Study Investigators et al. Intensive versus conventional glucose control in critically ill patients. N. Engl. J. Med. 2009;360:1283-1297.



Surviving Sepsis Campaign: International

Guidelines for Management of Sepsis and Septic
Shock 2021

Recommendation

For adults with sepsis or septic shock
initiating insulin therapy at @glucose level of > 10 mmol/L.

Strength Strong recommendation; moderate quality of evidence.

Remark

Following initiationof an insulin therapy, a typical target

olood glucose range is 8 10 mmol/L.

Evans L, et al. Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock 2021. Crit Care Med. 2021 Nov 1;49(11):e1063-e1143.



Regulace

metabolismu Oreanismus:
glukdzy je = :
komplexni déj
* Nervove systemove e Strukturni proteiny
mechanismy e Enzymy
¢ Hormony L4 RegUIaéni mOIGkUIy (second messeger)

e Transkrip¢ni faktory e Transkripéni faktory

e Nuklearni hormonalni
receptory

Pavel Skofepa, Ondiej Sobotka, Joao Fortunato, Vladimir Blaha, Jan M. Horaéek. Ustredni role glukézy v metabolismu a vyZivé kriticky nemocnych pacienti. Mil. Med. Sci. Lett. 2017, 86(4), 145-157.



O , Zdroj energie
- Anabolicky substrat

v Kontrola glykémie

’

L~ Zabraneni nadmernému kolisani
glykémie

y Zdokonaleni technik méreni glykémie
D Spravna aplikace inzulinu

@ U&inné protokoly u kriticky nemocnych

Pavel Skofepa, OndFej Sobotka, Joao Fortunato, Vladimir Blaha, Jan M. Horaéek. Ustfedni role glukézy v metabolismu a vyZivé kriticky nemocnych pacientt. Mil. Med. Sci. Lett. 2017, 86(4), 145-157.



Zaver 3:inzulinova rezistence

je typicka pro kritické onemocnéni, reverzibilni po odeznéni akut.stavu

IIIIII

biologickou odpoved

pric¢ina i dusledek hyperglykémie

adaptacni reakce — vyuziti glukoézy pro oxidaci i anabolické reakce

vytvari celularni rezistenci k ischemickych a hypoxickym insultim
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