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In this review article, the role of Warburg effect in various pathologies is discussed using septic shock as the base model. I had proposed a slightly
extended Warburg effect which [ would like to call it as “Warburg common pathogenesis model or Warburg differentiation—dedifferentiation
effect,” which has the potential to explain septic shock and sepsis-associated multiorgan dysfunction and many other major pathologies such as
systemic hypertension, pulmonary arterial hypertension, congestive heart failure, diabetes mellitus, asthma, acute respiratory distress syndrome,
and acute kidney injury, implying that most of the diseases may have a common pathogenesis as the underlying mechanism. Increased nitric
oxide (NO) in sepsis via inducible nitric oxide synthase (iNOS) or any respiratory poison, in general, irreversibly inhibits the mitochondrial
respiration and shifts the metabolic phenotype of the cell from oxidative phosphorylation to glycolytic phenotype, and the change in metabolic
phenotype is followed by the change in cell phenotype from the normal adult dynamic differentiation state to irreversible dedifferentiation
states — embryonic phenotype, synthetic/proliferative phenotype, and cancer phenotype. This dedifferentiated state switching can be seen as
the cells’ local survival strategy in response to injuries, but returning to their primitive forms leads to disorder and ends in global collapse of
the organ systems and organism which requires order in terms of differentiation. Treatment in most of the pathologies should aim at reversing
Warburg effect by the activation of mitochondrial respiration, thereby decreasing the aerobic glycolysis and changing the cell to its normal
adult dynamic differentiation phenotype, i.e. all the drugs are used here as differentiation therapy. Adrenergic blockers and ascorbic acid may
be the main treatment options, which are already used by some research groups. Even though high NO via iNOS was involved in most of
the pathologies including sepsis, any substance that inhibits or uncouples the mitochondrial respiration can initiate this Warburg effect and
irreversible dedifferentiation. A mild and reversible Warburg differentiation—dedifferentiation effect may be necessary for normal functioning,
and the same effect in exaggerated and irreversible way leading to irreversible dedifferentiation states may be the underlying mechanism in
most of the diseases including septic shock.
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the cases; this includes norepinephrine, the primary drug
used in reviving blood pressure in septic shock. Vascular
hyporeactivity to various vasopressors in septic shock has
been studied extensively, and hence, many reviews are
available.>®! Irrespective of advances in this field, exact
underlying mechanism behind septic shock is still a mystery.
Postmortem studies could not find the underlying cause in
most of the cases; surprisingly, most of the organs looked

INTRODUCTION

This review article tries to show the fundamental role played
by Warburg effect in most of the pathologies. Warburg
common pathogenesis model is proposed to show the common
underlying mechanism in most of the pathologies and septic
shock was used as the base model.

Sepsis is the harmful systemic response of the host to the

infection.!!' According to Thomas, the host’s response to
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pathogen is more detrimental than the pathogen itself.
21 Septic shock and severe sepsis-associated multiorgan
dysfunction carry high mortality rate of ~40%—70%.54
Septic shock is refractory to the vasopressors in most of
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normal.”? Lot of treatment options which were successful
in animal models were failed to show benefits in human
studies, ranging from nitric oxide synthase (NOS) inhibitors,
cyclooxygenase (COX) inhibitors, endotoxin-neutralizing
proteins, tumor-necrosis-factor (TNF) alpha antagonists,
etc.’? Some of the recent-promising directions include
counterintuitive use of antihypertensive in septic shock.
Alpha 2 adrenergic receptor (AR) agonists — clonidine,® %
beta blockers!!'? — were used to reduce the sympathetic
hyperactivation and hypermetabolism associated with sepsis.
Alpha 2 AR antagonist also has been shown to improve
survival in sepsis animal model.["¥! Vitamin C has also been
used in sepsis,!'* glycolysis inhibitor shikonin,!'*! cytochrome
C,!'% and caffeine.l'”)

Warburg common pathogenesis model has been proposed
in this review article to explain the role of Warburg effect
in most of the pathologies using septic shock as the base
model. The model was built by slightly extending the
“Warburg effect,” an extensively researched area in cancer
biology, proposed by Otto Warburg in the 1920s.M'81]
Warburg common pathogenesis model which isdiscussed
in the following section not only explains septic shock and
multiorgan dysfunction associated with severe sepsis but also
explains most of the major medical problems such as systemic
hypertension (SHT), pulmonary arterial hypertension (PAH),
congestive heart failure (CHF), asthma, acute respiratory
distress syndrome (ARDS), and acute kidney injury (AKI).
Cancer is not discussed here as Warburg effect is an
extensively researched topic in cancer field.?” Most of the
supporting evidence was already done in the respective
subfields, and this review article tries to show by putting the
Warburg common pathogenesis model that there may be a
common underlying mechanism in most of the pathologies.
Furthermore, the same model in a mild and reversible way
may be necessary for normal functioning.

Tue HypotHEsis: WARBURG Common
PatHoGenesiS MopeL or WARBURG
DirrereNTIATION—DEDIFFERENTIATION EFFECT

In 1926, Warburg showed tumors relied on aerobic
glycolysis metabolism.!'®! He extended the thoughts
in his 1956 paper and showed that the cancer cells
originate in two phases: (1) irreversible inhibition of
cell respiration — oxidative phosphorylation (OXPHOS)
by agents such as hydrogen sulfide and arsenious acid
which he called respiratory poisons and this necessitates
the cell to change to aerobic glycolysis metabolism for
survival and proliferation and (2) this in turn causes a
normal-differentiated cell to change to a dedifferentiated
cancer cell. He also suggested that there may be some
cancer-like states in between these two terminal states,
which he called sleeping cancer cell states.['”) Warburg
effect is an extensively researched area in cancer biology;
many excellent reviews are available.?"

Essentially, Warburg told everything what is required for
understanding septic shock 90 years back. A slightly extended
Warburg effect proposed in this review article [Figure 1]
named as “Warburg common pathogenesis model or Warburg
differentiation—dedifferentiation effect” may explain most of
the pathologies including septic shock. All the injuries to the
cell can be divided into two types: (1) injuries that increase
OXPHOS, e.g., inappropriate high-energy food intake seen
today in modern civilization, and (2) injuries that increase
aerobic/anaerobic glycolysis, e.g., sepsis [Figure 1].

Injuries such as increased nitric oxide (NO) in sepsis inhibit
the mitochondrial respiration by inhibiting cytochrome C
oxidase enzyme in the electron transport chain, and based
on the concentration of NO, the inhibition can be reversible
or irreversible.?'?1 This switches the cells metabolic
phenotype from OXPHOS to aerobic glycolysis;*!! anaerobic
glycolysis also included here as the endpoints may be the
same.?” Irreversible mitochondrial respiration inhibition
by highly increased NO via inducible NOS (iNOS) is
pathological, whereas reversible inhibition by mildly
increased NO via endothelial NOS (eNOS) is physiological.
In septic shock and most of the pathologies, these injuries
lead to irreversible inhibition of cytochrome C oxidase
and thus inhibition of mitochondrial respiration which
triggers the metabolic phenotype change from OXPHOS
to glycolysis. This metabolic phenotype change will be
followed by switching of the cell phenotype from normal adult
dynamic-differentiated state to irreversible dedifferentiation
states — embryonic phenotype, synthetic/proliferative
phenotype, and cancer phenotype. Injuries that increase
OXPHOS lead to irreversible-differentiated state, where the
cells have two options to proceed further: (1) first path leads
to apoptosis, which may be due to increased cytochrome
C release, and (2) the second path which may lead to the
inhibition of mitochondrial respiration and switching to
glycolytic phenotype/irreversible dedifferentiation phenotype
for survival.

When the mitochondrial respiration is inhibited, for example
by NO, the electron flux will be stopped; the energy need
will be met by the glycolysis and the glycolytic adenosine
triphosphate (ATP) moves to the mitochondrial matrix,
which makes the ATP synthase to work in reverse way,
i.e. ATP hydrolysis instead of synthesis, and pumps the
proton from the mitochondrial matrix to the outer aspect
of the inner membrane; all this will result in mitochondrial
membrane hyperpolarization.?!! It has been already shown that
mitochondrial membrane depolarization leads to cytochrome
C release and apoptosis,’ mitochondrial hyperpolarization
is related to cancer state,/*” and the mitochondrial membrane
hyperpolarization may inhibit the release of cytochrome C.
This along with hypoxia-inducible factor 1 alpha (HIF1 alpha)
stabilization due to mitochondrial inhibition by NO may lead
to antiapoptosis and survival.*!-2!

But why the cells have to switch to the irreversible
dedifferentiation, because this may be the local survival
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Figure 1: Warburg common pathogenesis model or Warburg differentiation—dedifferentiation effect: Injuries to the cells can be of two types, injuries
that increase glycolysis and injuries that increase oxidative phosphorylation. Normally, the cells will be in adult dynamic differentiation state; some
of the key factors that regulate this state are oxygen, ascorbate and low levels of nitric oxide, carbon monoxide, and hydrogen sulfide. Injuries that
increase glycolysis such as sepsis lead to high nitric oxide, which irreversibly inhibits the mitochondrial respiration and shifts the cells metabolic
phenotype from oxidative phosphorylation to glycolytic, and this is followed by change in cell phenotype leading to irreversible dedifferentiation states;
these shifts may involve hypoxia-inducible factor 1o stabilization, activation of glycolytic enzymes, and inhibition of cytochrome C release. This shift
leads to proliferation of the cells and survival, but it also leads to disorder and global collapse of the organ systems/organism which requires order.
The other injury which leads to increase in oxidative phosphorylation have two ways to proceed, one way ends in apoptosis may be due to increased
cytochrome C release and the second way leads to survival, which proceeds in same way as discussed for glycolytic injury

strategy of the cells under the circumstances of injury. These
primitive irreversible-dedifferentiated states may have survival
advantage over the differentiated states. What happens in
pathologies such as sepsis is this local survival strategy of the
cells to return to their primitive-dedifferentiated states results
in global order collapse in organ systems and organism. For
the organ systems to function properly needs ordered state in
terms of differentiation.

Even though, in normal state, the cell is in adult dynamic
differentiation state with predominant OXPHOS, there are
exceptions to it, where some cells in some organ systems
may already be in mild Warburg dedifferentiation state with
increased glycolysis to survive in the harsh environment
they live, and it may be necessary for its normal function,
e.g., podocytes in renal system.”)

The same Warburg common pathogenesis model in a
mild and reversible way may be necessary for managing
day-to-day minor injuries and for managing other normal
functions. If a minor injury happens, the cells switch from
its normal adult dynamic-differentiated state to reversible
Warburg-dedifferentiated state, and after responding to the
injury by surviving and proliferation, the cells return to
their normal adult dynamic-differentiated state. This kind

of approach has been already shown, for example, in renal
system.?®] Considering the potential role played by the mild
and reversible Warburg common pathogenesis model in normal
functioning, it would be more appropriate to call it as “Warburg
differentiation—dedifferentiation effect.”

What happens in sepsis and in major medical problems such
as SHT, PAH, CHF, DM, AKI, asthma, and ARDS is the cells
in the specific organ system that may exhibit Warburg effect
with the metabolic phenotype shift to glycolytic phenotype
and cellular phenotype shift to irreversible-dedifferentiated
states. Irreversible term is used here in the sense that it is
very difficult to return to normal adult dynamic-differentiated
state. In short, Warburg differentiation—dedifferentiation
effect in a mild and reversible way is necessary for normal
functioning, and exaggerated irreversible way leads to various
pathologies.

WarsurG Common PATHOGENESIS IMoDEL IN Sepsis

In sepsis, lipopolysaccharide (LPS) acting through toll-like
receptor 4 (TLR4) activates nuclear factor kappa B (NFkB),!!
leading to activation of iNOS and increased NO.?' Through
TLR4, LPS also leads to the production of cytokines.[!3%
Cytokines in turn again act on NFkB to activate iNOS, thus
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Figure 2: Warburg common pathogenesis model or Warburg differentiation—dedifferentiation effect in sepsis: In sepsis, increased catecholamines
through adrenergic hyperactivation may lead to initial endothelial nitric oxide synthase hyperactivation and this leads to endothelial nitric oxide synthase
uncoupling and inducible nitric oxide synthase activation. Toxins such as lipopolysaccharide through toll-like receptor 4 and cytokines such as tumor
necrosis factor alpha and interferon gamma lead through nuclear factor kappaB to inducible nitric oxide synthase activation. Mitogen activated protein
kinases and phosphatidylinositide 3 kinase/Akt pathways may be involved. The increased nitric oxide may irreversibly inhibit the cytochrome C
oxidase and thus irreversibly inhibits the mitochondrial respiration; this leads to the metabolic phenotype change from oxidative phosphorylation to
glycolysis and cell phenotype change from normal adult dynamic-differentiated state to irreversible-dedifferentiated states — Embryonic phenotype
and synthetic/proliferative phenotype. This local cell survival strategy leads to global failure in organ systems and organism

amplifying the NO production.?!*?! These pathways may
involve mitogen-activated protein kinase (MAPK) and
calcium-independent protein kinase C (PKC) isoforms.!?”!
It is well known that the catecholamines in the plasma were
increased in sepsis.*** Even though other factors such as renin
angiotensin aldosterone system (RAAS)B¥ and COX pathway!*®
are also involved and their activity is increased in sepsis, I focus
here only on sympathetic hyperactivation [Figure 2].

In spite of increased catecholamine level is sepsis; it seems odd
to give exogenous catecholamines such as norepinephrine for
the treatment in septic shock. Many had already pointed out
that catecholamine treatment carries risk in treating shock.**37!
In fact, adrenergic blockers are already used long time back in
shock states in animals and in patients.[!1233:383% We see more
about this aspect in vascular dysfunction section.

It is already known that the alpha 1, beta 2 AR activation can
lead to eNOS activation and NO production; this pathway
involves Akt.***? Norepinephrine has been shown to enhance
cytokine-induced in iNOS; this pathway involves alpha and
beta ARs and MAPK.®* From the above evidence, one can
see usually ARs activation at basal level may lead to mild
eNOS activation and this pathway seems to involve PI3K/
Akt and MAPK.

AR hyperactivation during sepsis due to increased
catecholamines may cause hyperactivation of eNOS; this
has been shown already in relation to the early hypotension
seen in the biphasic vascular response in sepsis.[ 444
Adrenergic hyperactivation and cytokines such as TNF alpha,
interferon gamma, and toxins in sepsis — LPS, all acting
through PI3K/Akt/mTOR and MAPK, may lead to eNOS
hyperactivation initially and ends up in eNOS uncoupling and
iNOS activation, and the late hypotension seen in the biphasic
response in sepsis was already shown to be related to iNOS
activation,[#44)

NO role in septic shock is an extensively researched area. 7}
Early hypotension and late hypotension have been already
shown in sepsis; initial phase is considered to be due to
increased eNOS activity and late hypotension is considered to
be due to iNOS action.*# Inhibition of iNOS has been tried
as a treatment option for shock even though NOS inhibitors
were successful in animal studies; TRIUMPH trial conducted
using nonspecific NOS inhibitor tilarginine in cardiogenic
shock in humans did not show beneficial effect; further, it
showed that it may be harmful.”*¥ Many thought that the
reason for failure may be due to the nonspecific inhibition of
NOS and selective iNOS inhibition with eNOS restoration
may be beneficial.#-*%
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As discussed in the previous section, very high NO
concentration in sepsis leads to irreversible inhibition
of the mitochondrial respiration which has been known
already.?'»2332 This may lead to HIF1 alpha stabilization and
activation of glycolytic enzymes.?*¥ It is known already that
the aerobic glycolysis leads to the formation of glycolytic ATP,
which moves from the cytosol to mitochondrial matrix and
makes the ATP synthase to work in reverse mode and hydrolyze
the glycolytic ATP and pumps the protons from matrix to
inner mitochondrial membrane, leading to mitochondrial
hyperpolarization.?!! Mitochondrial depolarization has been
shown to lead to cytochrome C release and thus initiates
apoptosis.** Mitochondrial hyperpolarization has been related
to cancer?! and may be through inhibiting the cytochrome C
release, which along with HIF1 alpha stabilization leads to the
inhibition of apoptosis.?"

Fink had already shown the inhibition of mitochondrial
respiration in sepsis and suggested that this may be the
underlying cause of multiorgan dysfunction in sepsis.?? Geng
et al. showed that cytokine-induced NO inhibits mitochondrial
respiration in vascular smooth muscle cell (VSMC).[4
Interestingly, treatments focused on activating the cytochrome
C oxidase in animal models of sepsis have been already shown;
cytochrome C that has been given exogenously to overcome
the mitochondrial inhibition in sepsis animal model showed
increased cytochrome C oxidase activity and improved
the survival.'! Caffeine treatment in the sepsis model also
showed similar findings,['” and the same team suggested that
the mitochondrial respiration inhibition in sepsis can be seen
as an adaptive response and suggested as similar to Fink that
this mitochondrial dysfunction may be the underlying cause
for multiorgan dysfunction in sepsis.>3¢

Lactic acidosis in septic shock — The key

Lactic acidosis happens in septic shock is well known, and
many thought that it could be used as a prognostic indicator.”
Conventionally, lactic acidosis in septic shock and in other
pathologies is thought to be due to hypoxia as a result of
anaerobic metabolism. However, many showed that this may
not be the case and pointed out that lactic acidosis in septic
shock may be due to aerobic glycolysis.?*%! Yang et al.
showed using shikonin that the inhibition of aerobic glycolysis
could be used as a treatment option for septic shock and linked
the aerobic glycolysis to Warburg effect, but they focused only
on the aerobic glycolysis aspect not on the cell phenotype
changes.!"s! Many works on using dichloroacetate (DCA) to
treat the lactic acidosis in sepsis can be seen in this context.!¢%
It has already been shown that DCA can be used for reversal
of Warburg effect in cancer.!®*

Endotoxin has already been shown to increase glycolysis in
animal sepsis model, and adrenergic system that plays a role
in it was shown by blocking it with alpha + beta-adrenergic
blockers(® and it was also shown to be reduced by ouabain.[®
ARs are already shown to be involved in glycolysis and
lactate production and involve sodium-potassium ATPase.

139386667 Interestingly, Levy et al. showed that beta 2 ARs
are involved in lactate production in shock and showed that
beta blocker, ouabain reduced this,® and Luchette et al.
used combined alpha + beta blocker to reduce the lactate
in hemorrhagic shock.?? In short, many studies in septic
shock already showed NO inhibition of mitochondrial
respiration, aerobic glycolysis, use of glycolytic blockers,
adrenergic blockers, and cytochrome C oxidase activators.
[8-12.15-17.21-23.68 The stage is already set. In spite of all these, a
full application of Warburg effect including cell phenotype
change to solve the septic shock mystery has not been done
seems to be surprising.

In septic shock, the high NO via iNOS activation irreversibly
inhibits mitochondrial respiration, which changes the
metabolic phenotype from OXPHOS to glycolysis, and this
may be followed by cell phenotype change from normal adult
dynamic differentiation state to irreversible dedifferentiation
states similar to cancer phenotype change in Warburg effect
[Figure 2]. Irreversible dedifferentiation has at least two
states — embryonic state and synthetic or proliferative state.
These states are equivalent to the sleeping cancer states as
mentioned by the great Warburg.['”!

Cell type change to embryonic-dedifferentiated state may
express fetal or neonatal state properties. For example,
vascular smooth muscles (VSMs), have beta 2 ARs as their
predominant receptors in the fetal pulmonary and aortic VSM.
And alpha 1 ARs, which were low in fetal state compared to
the adult pulmonary and aortic VSM, tend to increase during
the developmental maturation.[*”!

Cell type change to synthetic/proliferative-dedifferentiated
state is associated with the proliferation of cells with loss of
contractile apparatus;, for example, VSMC phenotype changes
have been shown long back, and the change from contractile
to synthetic/proliferative phenotype leads to loss of contractile
apparatus, and it has already been suggested that these changes
may be the underlying cause in various vascular pathologies./”"
VSMC proliferation/dedifferentiation has already been related
to various pathologies and this change has been related to
Warburg effect.!!

These changes to irreversible dedifferentiation state may
be accompanied by changes in the ion channels, with many
types of ion channels; it seems to be difficult to identify
which ion channels are changed or expressed in these states.
However, there is a simple solution for it if we take the
guide that the cancer cells have depolarized cell membrane
potential.[’”?l All the changes in the ion channels during
irreversible-dedifferentiated states in many pathologies such
as septic shock tend to move toward the depolarized cell
membrane potential. For example, L-type calcium channels
in contractile VSMC have been shown to be lost on switching
to synthetic/proliferative phenotype, and increased expression
of transient receptor potential channels has been shown.[>74
Spontaneously hypertensive rat model VSMC synthetic type
was already shown to be more depolarized when compared to
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the normal wild-type counterpart, and the depolarized state of
the cell has been related to proliferation./”!

DurinG INJURY, ALL THE CELLS IN AN ORGAN SYSTEM
Move TowarD A Common CeLL Tyre WHicH Has
BeTTER SURVIVAL ADVANTAGE

In most pathology, each organ system-specific cell types
may tend to move toward one dedifferentiated cell
phenotype that has the better survival advantage and
proliferation. For example, in septic shock, all the cells in
the vascular system — vascular endothelial cells, VSMCs
(contractile phenotype), and fibroblasts — all tend toward
VSMC (synthetic/proliferative phenotype) [Figure 3].
This kind of phenotype change has been shown already in
atherosclerosis!’®’* and asthma.[”! Vascular endothelial cells
by endothelial to mesenchymal transition change to VSMC
(synthetic/proliferative) phenotype. VSMC (contractile) by
phenotype change switch over to its synthetic/proliferative
type. And fibroblasts switch to myofibroblasts which have
the features similar to VSMC (synthetic/proliferative)
phenotype but are hypercontractile [Figure 3]. In spirit of
aerobic glycolysis/proliferation happening in these states,
I call these states as Warburg irreversible dedifferentiation
states.[71:80]

Ascorsic AcipD AND PHENOTYPE CHANGE

However, what triggers this cell phenotype change apart from
the glycolysis shift? One possibility is that the decreased
ascorbate level in the body has the potential to induce
phenotype change [Figure 4]. Cameron et al. thought that
endothelial dysfunction and the problem in extracellular
matrix (ECM) production by ascorbic acid may lead to
cancer.®! It is well known that ascorbate is one of the key
substrates used to activate cytochrome C oxidase®! which
has to be seen in this context, and ascorbate deficiency may
lead to respiratory dysfunction which has been suggested
long back.B!l As seen earlier, increased NO in sepsis inhibits
mitochondrial respiration and triggers glycolytic phenotype

Endothelialto
Mesenchymal

Transition
o i S‘:WW Vascular Smooth Musce Cell
scular Smooth Muscle cel ( Synthetic / Proliferative phenotype )
( contractile phenotype )
Myofibroblasts
Advential Fibroblasts

Figure 3: Phenotype change in vascular system during septic shock: In
septic shock all the cells in the vascular system —vascular endothelial
cells, vascular smooth muscle cells (VSMCs) (contractile phenotype),
adventitial fibroblasts — tend to move toward vascular smooth muscle
cells (synthetic/proliferative phenotype). The same phenomena may
occur in other organ systems also in the septic shock where different
cell types of the specific organ system may tend to move toward one
dedifferentiated cell phenotype for that specific system that has the better
survival advantage and proliferation

change. Ascorbic acid level has been shown to be decreased
in sepsis.!® Ascorbate level may be decreased due to
increased scavenging that might have occurred in these
conditions. Ascorbic acid is essential for ECM production.
Serum heparan sulfate level has been shown to be elevated
in sepsis.®3! Serum hyaluronan and syndecan were also
shown to be decreased in sepsis.®! Nelson et al. showed
increased glycosaminoglycans (GAGs) in septic shock.®
All this evidence shows endothelial glycocalyx degradation
and endothelial dysfunction in sepsis. Ascorbic acid role in
the synthesis of GAG has been shown long back.®! It has
been already shown that the removal of heparan sulfate from
the cell surface may trigger phenotype change in vascular
smooth muscle."” Increased degrees of movement of a cell
may trigger cancer phenotype change.®® On the whole,
decreased ascorbate may lead to failure in the regulation
of mitochondrial respiration activation, decreased ECM
regulation, and endothelial dysfunction, which may increase
the degree of movement of the cells and trigger phenotype
change.®!

ExpLAINING VASCULAR DyYSFuUNCTION IN SEPTIC SHOCK

usING WARBURG Common PATHOGENESIS IVIODEL

Normally, catecholmines act on ARs in VSMC, which are G
protein-coupled receptors, and this in turn leads to G alpha
subunit activation of the following three pathways to cause
vasocontraction: (1) inositol triphosphate (IP3)/calcium

Increased Mitochondrial
Respiraton Inhibitor or
Respiratory Poison concentration

|t [ d aso
Metabolc phenctype change
To Gyycolysis Degradation of endothelial
Gycocalyx &
Extracelular Matrix

Increased degree of
movement of the celis

Cell phenotype change to
ireversible
D States and

Figure 4: Ascorbic acid and phenotype change: Increased nitric oxide
in sepsis or any respiratory poison in general may inhibit mitochondrial
respiration and lead to increased reactive species. Ascorbate level may
be decreased due to increased scavenging. Decreased ascorbic acid level
may lead to stabilization of hypoxia-inducible factor 1 alpha and this in
turn may activate glycolytic enzymes and lead to glycolysis. Decreased
ascorbic acid level may lead to degradation of endothelial glycocalyx and
extracellular matrix. All these changes in endothelium and extracellular
matrix may lead to increased degrees of movement of the cells, which
may trigger the phenotype change to irreversible dedifferentiation
states (Warburg effect). Thus normal ascorbic acid level may be essential
for the regulation of normal adult dynamic differentiation state of the cells
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Figure 5: Vascular dysfunction in sepsis: Increased catecholamines in sepsis leads to hyperactivation of adrenergic receptors which are G protein
coupled receptors resulting in activation of G beta gamma subunit pathway, and inhibition of G alpha subunit pathway leading to decreased contractility
or paradoxical vasorelaxation by inhibition of — inositol triphosphate/calcium, diacylglycerol/protein kinase C, Rho kinase pathways. Activation of G beta
gamma subunit pathway through mitogen activated protein kinase and phosphatidylinositide 3 kinase/Akt pathway lead to hyperactivation of endothelial
nitric oxide synthase which results in increased nitric oxide and reversible inhibition of mitochondrial respiration and reactive species production, nitric
oxide may act on alpha adrenergic receptors and inhibiting the G alpha subunit pathway further. Reactive species may affect endothelial nitric oxide
synthase leading to endothelial nitric oxide synthase uncoupling and the same pathways now activate inducible nitric oxide synthase. Normally, alpha
adrenergic receptors are the predominant adrenergic receptors in the adult vascular smooth muscle cells. Cytokines and lipopolysaccharide through
nuclear factor kappaB also activate inducible nitric oxide synthase resulting in high nitric oxide production and this irreversibly inhibits mitochondrial
respiration at cytochrome C oxidase. This triggers the metabolic phenotype change to glycolysis and cell phenotype change to irreversible dedifferentiation
states — initially to vascular smooth muscle cell embryonic phenotype and then to vascular smooth muscle cell synthetic/proliferative phenotype. Beta
adrenergic receptors may be the predominant adrenergic receptors in these states resulting in paradoxical vasorelaxation response to catecholamines

pathway leads to increase in intracellular calcium level and
activate myosin light chain kinase to phosphorylate myosin
light chain to produce vasocontraction; (2) diacylglycerol
(DAG)-PKC; and (3) RhoA/Rho kinase (RhoA/Rhok)
pathway, both these pathways inhibit myosin light chain
phosphatase and produce vasocontraction.5#") As we
had seen earlier, septic shock-induced hypotension is
refractory to vasopressor agents including the first-choice
drug norepinephrine.l’! As discussed earlier, biphasic
hypotension has been shown in sepsis — early hypotension
is considered to be due to increased eNOS activity and
late hypotension is to considered to be due to iNOS
action.***] Some of the possibilities already explored in
understanding the vascular hyporeactivity in sepsis include
NO-induced alteration in alpha 1 ARs by peroxynitrite,*
inhibition of RhoA/Rhok,™¥ involvement of PKC, MAPK
seems to be activated in shock, AR desensitization, COX2
activation, etc., are reviewed by many.>*! Many treatment
options which were successful in septic shock animal
models failed in human studies. Failure of nonspecific NOS
inhibitors in septic shock and activated protein C are few
examples [Figure 5].0!

It has been already shown that AR activation through G
beta-gamma subunit activates PI3K/Akt and MAPK pathways
that may involve calcium-independent PKC isoforms*5-2
and finally may hyperactivate eNOS."% It is interesting in this
aspect to see beta 2 receptors action which normally by Gs
alpha subunit leads to protein kinase A (PKA) activity and has
been shown by Daaka et al. to phosphorylate the beta receptor
and switch over to its activity through G beta-gamma subunit
pathway to MAPK. Furthermore, adrenergic activation of
glycolysis is well known.867 Overall, the AR-activated G
subunit beta-gamma-mediated pathway through PI3K/Akt and
MAPK leads to eNOS activation and glycolysis but mildly
under normal activation. During adrenergic hyperactivation,
this pathway may lead to hyperactivation of eNOS and
increased glycolysis as shown above. The increased NO inhibits
the mitochondrial respiration reversibly and leads to increased
reactive species, and the reactive species may oxidize the
tetrahydrobiopterin (BH4), resulting in eNOS uncoupling.®***

From the above evidence, we can see that the adrenergic
pathway hyperactivation along with cytokine and LPS activates
iNOS leading to very high NO. Usually, a very high NO
occurs through iNOS as in sepsis; however, in some cases
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such as anaphylaxis, it may happen through eNOS itself.’"!
What matters is the high NO level, it does not matter which
way it comes through as rightly pointed out by Lowenstein
and Michel®”! High NO in sepsis due to iNOS activation,
as shown above, inhibits the mitochondrial respiration
irreversibly.[2!225152]

With this background, we can see that the Warburg common
pathogenesis model may be the underlying mechanism
behind the septic shock. The high NO level in sepsis
irreversibly inhibits the mitochondrial respiration in VSMC
and shifts the cell to change its metabolic phenotype from
OXPHOS to glycolysis, and this in turn may be followed
by a change in cell phenotype from the normal adult
dynamic-differentiated state to irreversible dedifferentiation
states initially to VSMC embryonic state and later to VSMC
synthetic/proliferative state [Figure 5]. In addition, all the
key cells in the vascular system tend to move toward the
VSMC synthetic/proliferative phenotype which may have
better survival advantage [Figure 3]. Decreased ascorbate
level in sepsis may play a key role in this phenotype
change [Figure 5].

There may be at least two stages in this septic shock
progression [Figure 5]. (a) The initial state occurs when the
cell phenotype is in its normal adult dynamic-differentiated
state. Adrenergic hyperactivation through G beta-gamma
subunit activated pathways as seen earlier leads to eNOS
hyperactivation and finally ends in eNOS uncoupling. As
already shown by many increased NO leads to the inhibition
of IP3/calcium pathway, DAG calcium-dependent PKC
isoform pathway, and RhoA/Rhok pathway, it is interesting
to see that all of these are G alpha subunit-mediated
pathways. The net result is that exogenous or endogenous
catecholamines may cause (1) decreased vasoconstriction
due to inhibition of IP3/calcium pathway or (2) paradoxical
vasorelaxation due to inhibition of PKC and RhoA/RhoK
pathway. (b). As shown earlier adrenergic hyperactivation may
act through G beta-gamma subunit and activates PI3K/Akt
and MAPK pathways, this may involve calcium-independent
PKC isoforms,*33%21 and all this finally leads to eNOS
hyperactivation,”! then eNOS uncoupling,**! and iNOS
activation.**#1iNOS activation also occurs through cytokines
and LPS as shown earlier.*** eNOS uncoupling and iNOS
activation will lead to very high NO level and this as seen
earlier irreversibly inhibits the mitochondrial respiration at
cytochrome C oxidase and shifts the cells metabolic phenotype
from OXPHOS to glycolysis and followed by change in cell
phenotype from its normal adult dynamic-differentiated state
to irreversible-dedifferentiated states initially to embryonic
state and then to synthetic/proliferative state.

Vascular smooth muscle cell embryonic-dedifferentiated
state

When the VSMC is in this state, there may be a change in AR
expression by VSMC and the cells may have beta 2 AR as the
predominant receptors as it was in fetal state.[*”

Paradoxical vascular responses to norepinephrine and
acetylcholine

Exogenous/endogenous catecholamines given when the
VSMC are in embryonic state in septic shock may produce
paradoxical vasorelaxation. It is interesting to see that
noradrenaline induced vasorelaxation in neonatal arteries
in this context®®! where VSMCs are expected to be in
embryonic-dedifferentiated state expressing beta 2 AR as the
predominant ARs. It is interesting to see that the norepinephrine
induced vasodilation in the isolated coronary arterioles of heart
failure patients in this context, where the VSMCs are expected
to be in dedifferentiated state.”” Further, at this point, the
endothelial dysfunction might have happened as all the cells
in the vascular system tend to move toward VSMC synthetic/
proliferative type. In this state as the paradoxical response of
norepinephrine, one can expect that acetylcholine may also
produce paradoxical response of vasocontraction, instead of
its usual vasodilation, which is indeed the case as shown in
LPS model,'® in atherosclerotic coronary artery,'! and in
PAH.['%2] Tn addition, it has been shown that this paradoxical
vasoconstriction by acetylcholine was associated with high
mortality.['®!

Vascular smooth muscle cell synthetic/proliferative-
dedifferentiated state

This state may be further divided into acute phase and
chronic phase. In acute phase, the cells contractile apparatus
may be decreased due to the VSMC phenotype change.
As shown earlier, VSMC contractile phenotype to VSMC
synthetic/proliferative phenotype shows decreased contractile
apparatus.’" In this state, the vascular response to exogenous/
endogenous catecholamines may produce paradoxical
vasorelaxation [Figure 5]. In chronic phase, the vascular tone
may be increased due to increased VSMC proliferation or
hypercontractile due to the presence of myofibroblasts. This
chronic phase may be seen as an equivalent to SHT and PAH,
which will be explained later.

Treatment options for septic shock

Many of the treatment options mentioned below were already
tried in sepsis but failed to understand the full significance of it.
In this section, the focus will be only on adrenergic blockers.
Other treatment options will be explored later including the
key drug ascorbic acid. Treatments were proposed here as
differentiation therapy. (1) In the first state, when the cells
are in normal adult dynamic-differentiated state: As alpha 1
ARs are the predominant receptors in VSMC in adult state,®”
alpha 1 blockers such as prazosin may be a better choice than
beta blockers, and combined alpha + beta blockers may work
well. (2) When the cells are in irreversible-dedifferentiated
states (embryonic and synthetic/proliferative state): As the
cells were gone back to their primitive states, beta 2 ARs are
the predominant receptors in VSMCs in this fetal state.[”]
Beta blockers may be a better choice than alpha blockers
at this stage. Again, combined alpha-beta blockers may
work well. As discussed earlier, catecholamine treatment in
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septic shock may do harm rather than saving the patient.*3"!
Adrenergic blockade in septic shock has been tried long back,
where beta blocker was used.*® Adrenergic blockers were
used in hemorrhagic shock to reduce lactate level, where
combined alpha and beta blocker reduced the lactate level.!
It is interesting to see the use of prazosin in treating scorpion
sting in this context.['" Many recent advances in septic shock
include the counterintuitive use of antihypertensive in septic
shock.P Alpha 2 agonist clonidine has been shown to reduce
the sympathetic hyperactivation in septic shock;®!% alpha 2
adrenergic blocker yohimbine has been used in sepsis model,!'*!
beta blocker esmolol has improved the cardiac dysfunction in
sepsis model which can also be seen in this context.['%! Use of
beta blockers in sepsis!'? is waiting for a systematic review.?”!
Beta blockers and alpha blockers were used in different
conditions to reduce the cell proliferation.['®11% COX pathway
activation and increased RAAS activity in sepsis also seem
to work in the same way as adrenergic hyperactivation.333¢
However, cholinergic pathway seems to work in a opposite
way in sepsis. Cholinergic agonists increased the survival in
experimental sepsist!!!! and vagal nerve stimulation (VNS)
prevented the shock in sepsis model.[''

ExpLAaINING MuLTiORGAN DYSFUNCTION IN SEPSIS AND
EquivaLent Key Diseases using WarBurG CommoN
PatHoGENESIS MoDEL

Various other pathologies may also be explained using this
Warburg common pathogenesis model by explaining the
multiorgan dysfunction in sepsis. Most of the supporting
evidence was already shown, and in some pathologies, it is
already linked to Warburg effect, for example, in PAH.'3!

Systemic hypertension

It is well known that VSMC proliferation occurs in
hypertension.''*!51 VSMC phenotypic switching has been
known for long time"™ and shown to play a crucial role in
various vascular pathologies.!'!!'"l It is surprising to see
that Warburg effect was not used to explain SHT. Warburg
common pathogenesis model may explain SHT. All the events
which were mentioned for vascular dysfunction in sepsis
except the triggering event seem to underlie in the evolution
of SHT, and SHT may be equivalent to the chronic phase of
irreversible-dedifferentiated state of VSMC seen in Figure 5.
The triggering injury for SHT includes many possibilities
such as stressful life leading to sympathetic hyperactivation
and high-energy food intake. Nifedipine one of the main
drugs used in the treatment of SHT has been shown to inhibit
dedifferentiation of VSMC by inhibiting Akt.l'"8 All the
antihypertensive drugs mode of function can be seen in this
context as differentiation therapy including adrenergic blockers.
Retinoic acid has been shown to inhibit VSMC proliferation.!'']

Pulmonary arterial hypertension
Surprisingly unlike SHT, the pathogenesis of PAH
has been already linked to Warburg effect, including

metabolic phenotype change, pulmonary artery SMC
proliferation, HIF1 alpha activation, and hyperpolarized
mitochondrial potential in pulmonary artery SMC in PAH.
131201211 A]-trans-retinoic acid (ATRA) has been shown
to be decreased in idiopathic PAH, and ATRA could be a
potential therapy for this patients.['??! ATRA is used here as
a differentiation therapy.

Atherosclerosis

Vascular proliferation and VSMC phenotype change to
synthetic/proliferative type have been already explored in
atherosclerosis.”*!"” Statins are one of the standard drugs used
in this condition; if the atherosclerosis and septic shock have
common underlying pathogeneses, then one can expect statins
may also work in septic shock. Indeed, it has been already
shown that the statins reduced the vascular hyporeactivity in
animal sepsis model.!'?124

Cardiac dysfunction in sepsis and congestive heart failure
Cardiac dysfunction in sepsis and CHF can be explained by
Warburg common pathogenesis model [Figures 1 and 2].
Except the injuries that trigger the cardiac dysfunction in
sepsis and CHF may be different, all the other events are same
for both. Injuries that trigger the CHF are many, e.g. stressful
life, sedentary lifestyle, and high-energy food intake. In
both cases, the cardiomyocytes change their metabolic
phenotype from OXPHOS to glycolytic state and this
may be followed by a change in cell phenotype from
the normal adult dynamic-differentiated state to the
primitive irreversible-dedifferentiated states — embryonic
state and synthetic/proliferative state, which results in
decreased contractility and decreased cardiac output.
Increased sympathetic activity has been shown in CHF.['?5-127]
Decreased eNOS and iNOS activation has been shown in heart
failure.l'?8139 Mitochondrial respiration has been modified
in heart failure; OXPHOS is decreased with increase in
glycolysis.I'!] In addition, AR states were changed in CHF,
whereas beta 1 ARs are decreased with increase in beta 2
ARs and increased G protein receptor kinase which lead to
beta receptor uncoupling.['27-130:132.133] Myosin light and heavy
chains are changed to their fetal isoform in CHFE.['3% All these
findings support the Warburg common pathogenesis model’s
role in CHF. Fetal cardiac development has been shown to be
associated with glycolysis. Increased mitochondrial OXPHOS
occurs during cardiac maturation to adult state and adult heart
may switch to it fetal metabolic phenotype, i.e., glycolysis
under the conditions of stress.['** Adult cardiomyocytes
during dedifferentiation express increased glucose transporter
1 (GLUTI1) and decreased GLUT4 leading to insulin
resistance,!*> and Akt plays a role in this insulin resistance.!'®!
It has been shown that the NO in cardiomyocytes induces HIF
1 alpha to produce vascular endothelial growth factor (VEGF)
and angiogenesis involves PI3K/Akt pathway.**! Levy
et al. already showed glycolysis in septic animal model and
suggested cytochrome C oxidase inhibition in this condition as
an adaptive response and this may be the cause for other organ
dysfunctions also in sepsis.*>**! By activating cytochrome C
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oxidase by caffeine and cytochrome C in animal sepsis model,
the same team showed that this could be used as treatment in
sepsis. 1617

Ion channel expression change during dedifferentiated
state as mentioned before can be expected to happen in
cardiomyocytes. It has been shown already that cultured
cardiomyocytes on dedifferentiation express a nonselective
cation channel.l'*”) Decreased L-type calcium channels in
failing heart myocytes have been shown;* one can relate this
to the decrease in L-type calcium channels in dedifferentiated
VSMC as discussed above.”>’ Late component of sodium
current has been shown to be increased in failing heart;
increased intracellular sodium as a result of this makes the
sodium/calcium exchanger to work in reverse mode and results
in increased intracellular calcium.!'*? It has been shown that
intracellular sodium was increased and this leads to increased
calcium in cardiomyocytes in heart failure.['4*141]

Cardiac glycosides are used in the heart failure treatment
shown to improve contractility by inhibiting the sodium
potassium ATPase. However, it is difficult to see from the above
evidence why the inhibition of the sodium potassium ATPase
which leads to increase in intracellular sodium should work in
heart failure, as the cells were already loaded with increased
intracellular sodium and calcium. It looks as in heart failure;
the sodium potassium ATPase may work in reverse mode
leading to increased intracellular sodium and thereby increased
intracellular calcium like other ion channels as mentioned
above in this heart failure-dedifferentiated condition leading
to depolarized membrane potential. Cardiac glycosides may
work in heart failure by inhibiting this reverse mode sodium
potassium ATPase. Ouabain has been shown to inhibit lactate,
i.e., glycolysis.[]

Adrenergic blockade is one of the treatment options in CHF
and beta blockers are one of the key drugs used in CHF.
Alpha 2 blocker yohimbine!'®! and beta blocker esmolol!'%!
have been used to treat cardiac dysfunction in sepsis animal
models.['?) Alpha 1 blocker prazosin, beta blocker propranolol,
and MAPK inhibitor were used in reducing NO production
by blocking the iNOS in cardiomyocytes, which was induced
by norepinephrine with cytokine."*! All the evidence supports
the hypothesis that Warburg common pathogenesis model
may underlie in CHF and sepsis-induced cardiac dysfunction.
Moreover, most of the drugs already tried in CHF can be seen
as differentiation therapy.

Hyperglycemia in sepsis and diabetes mellitus type 1 and 2
Warburg common pathogenesis model may be the underlying
mechanism for hyperglycemia in sepsis and DM 1 and 2.
Injury triggering the pathogenesis of these problems is many;
for example, sepsis may cause hyperglycemia in septic shock,
sepsis, or cytokines in DM1 and high-energy food intake
and sedentary lifestyle in DM2. Talchai ef al. showed that
dedifferentiation of beta cells may be the cause for DM2 and
treatment of diabetes should aim at redifferentition.'*?! It has
been already shown that sympathetic hyperactivation may

play a role in insulin resistance.['*®! In all these conditions,
two key changes occur: (a) Dedifferentiation of beta cells
in the pancreas leading to impaired insulin release, either no
insulin release or decreased insulin release which depends
on the level of beta cell dedifferentiation, and as seen earlier,
dedifferentiation of beta cells has been already shown!!42-14¢]
and a recent article showed beta cell dedifferentiation
in DM2 in humans.!'*! (b) Dedifferentiation in the
periphery, for example, in cardiomyocytes, changes in the
GLUT expression where fetal type GLUT1 increased and
GLUT4 decreased lead to insulin resistance are already
ShOWn.[l35’l36’l48’149]

It has been shown already that DM1 and DM2 may have
common underlying mechanism and differ only in the
triggering factors and the time it happens!'*? and this
viewpoint was challenged by many.!'!! Dedifferentiation of
beta cells in the pathogenesis of DM2 may involve MAPK,
NO, PI3K, NFkB,[136:142145.15L152] ap( insulin resistance in the
periphery due to dedifferentiation resulting in altered GLUT
expression — increased GLUT1 and decreased GLUT4 — for
example, in cardiomyocytes and adipocytes.[>136.148.1491 ¢
has been already shown that retinoic acid is necessary for
normal beta cell function,'> which shows that maintenance
of normal-differentiated state of beta cell is necessary for its
normal function. Change in GLUT expression with increased
GLUT]1 and decreased GLUT4 has been shown animal models
of sepsis.!'**!31 Altered GLUT expression in sepsis models may
imply the dedifferentiated state of the periphery, and the same
dedifferentiated state can be expected to occur in pancreatic
beta cells also in sepsis.

Insulin and insulin-like growth factors (IGFs) activate PI3K/
Akt pathway leading to anabolic effects, cell growth, and
survival. A high level of insulin can hyperactivate this pathway,
leading to Warburg effect and cancer.'*®! Insulin and thrombin
are known to produce VSMC proliferation.[>” It is well known
that IGF produces proliferation of SMC.!'38-1¢1 In this context,
one can see that insulin and IGF may regulate the body as
dedifferentiation factors. Hyperglycemia in sepsis is usually
managed by insulin therapy.! However, the use of insulin has
been shown in some studies to increase the mortality rate in
sepsis.*1621 Using the above evidence, insulin can be seen as
dedifferentiating factor and using it for treating hyperglycemia
may aggravate the already dedifferentiating process which
seems to occur in sepsis. Ascorbic acid may be a better
treatment option for all these three conditions — hyperglycemia
in sepsis, DM1, and DM2 which are discussed more in the
treatment section.

Renal dysfunction in sepsis, acute kidney injury, chronic
kidney disease, polycystic kidney disease, and Fanconi’s
syndrome

Warburg common pathogenesis model may be the underlying
mechanism in renal dysfunction in sepsis, AKI, and other
renal dysfunctions such as Fanconi’s syndrome. In all these
conditions, irreversible dedifferentiation of the renal system
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cells — glomerular endothelial cells, podocytes, mesangial
cells, and tubular epithelial cells — may occur. Most of the
related evidence for the hypothesis has been done already in
renal dysfunction. Importance of dedifferentiation in renal
dysfunction has been already showed by Bonventre and he
showed that it may help in the regenerative process.”® Mesangial
cells and juxtaglomerular (JG) cells even in normal adult
state appear to have synthetic/proliferative properties.[!63-16¢]
In this context, one sees the work done by Rinkevich et al.
on regenerative capacity of renal system and they showed
that regeneration may occur even in adult life.l'"”] Ozawa
et al. already showed the importance of glycolysis in
relation to podocyte foot process and they also showed that
dedifferentiated podocytes are highly glycolytic 89% whereas
differentiated podocytes are 50% glycolytic.[*”)

May be renal system is already in a mild Warburg effect
state with mild reversible dedifferentiation in at least few
renal system cells such as podocytes, mesangial cells, and
JG cells. Considering the harsh environment the kidney has
to live, it seems logical to have this mild Warburg state. This
is necessary for normal renal function, for example, even
the differentiated podocytes have 50% glycolysis shown by
Ozawa et al.*") which supports this hypothesis. In pathological
states of the renal system, it may go to the extreme irreversible
dedifferentiation states. Urine lactate has been shown to be
increased in Fanconi’s syndrome.l'® Increased NO due to
iNOS activation has been shown in animal model Fanconi’s
syndrome.l'®! It has been already shown that in response to
injury to renal system, the surviving cells dedifferentiate and
repair the injury.!'*!! Renin activity has been already shown to
be increased in sepsis;?®*! this along with many other factors
may contribute to the phenotype modulation.['*® In polycystic
kidney disease (PKD), the cyst lining cell proliferation
can be seen as dedifferentiation.l'”” Rowe ef al. showed
that glycolysis has been increased in PKD and showed the
treatment option by inhibition of glycolysis which decreased
the proliferation in PKD.!""" Podocytes dedifferentiation
leads to glomerular dysfunction and ends in chronic kidney
disease (CKD); interestingly, retinoids were used as a
treatment option to reduce the glomerular dysfunction and it
was also used as a differentiation therapy in this condition.
1721 Ascorbic acid as a differentiation therapy may work in
renal dysfunctions.

Respiratory dysfunction in sepsis, acute respiratory
distress syndrome, and asthma

Bronchial smooth muscle cells (BSMCs) live in highly toxic
increased oxygen environment. BSMCs may be already
in the embryonic-dedifferentiated state, i.e. mild Warburg
dedifferentiation state, to overcome the problems of living
in this hostile high oxygen environment. The proliferative
properties of Clara cells in terminal and respiratory
bronchioles!'” and type 2 alveolar cells!'’¥ in the normal
respiratory system can also be seen in this context and this
supports the hypothesis that a mild Warburg dedifferentiation
effect is necessary for normal respiratory function. As

mentioned above in the vascular and cardiac dysfunction
section, beta 2 ARs are the predominant ARs in the primitive
fetal-dedifferentiated state;[” in this context, one can see why
catecholamines bronchodialate BSMC. This normal BSMC
state is equivalent to the VSMC state in neonatal arteries,
and as shown above, norepinephrine paradoxically produced
vasorelaxation in neonatal arteries;® after seeing the Warburg
dedifferentiation relation, one can see that there is no paradox
at all in this response. Warburg common pathogenesis model
may explain the respiratory dysfunction in sepsis, ARDS/
acute lung injury (ALI), and asthma. BSMC changes their
cell phenotype to irreversible-dedifferentiated — synthetic/
proliferative state and change in glycolysis to a high level
and the same thing may occur in other cells of the respiratory
system. Most of the groundwork was already done. Keshari
et al. in animal model of sepsis to mimic lung injury during
sepsis showed regeneration in lungs with type 2 alveolar cells
and myofibroblasts proliferation, epithelial to mesenchymal
transition (EMT), and collagen production.!'’s! Activation of
iNOS has been shown in ARDS/ALLI Lactic acidosis has
been shown already shown in asthma and thought to be due
to beta-agonist therapy and increased sympathetic activity
in asthma.l'’”! Lung lactate is usually not present in normal
humans, but lung lactate level has been shown to be increased
in sepsis/ ARDS.[817] Fibroproliferation in ARDS has already
been shown.!' Alveolar cell EMT involvement in pulmonary
fibrosis has been shown already.["*!] Bronchial smooth muscle
proliferation,['818] and its relation to phenotype change
and dedifferentiation, EMT in asthma, has been reviewed
brilliantly by Bara et al., and they showed its relation to
remodeling process in asthma.”” Methotrexate (MTX), a
common antimetabolite anticancer drug, inhibited iNOS in
cytokine-treated lung epithelial cells.['*! Even though not
commonly used, MTX is one of the drug options for asthma.

Coagulopathy

Increased coagulation state and decreased anticoagulation state
have been shown in sepsis.!'®8"] Decreased hyaluronan and
syndecan which are components of the endothelial glycocalyx
were shown to be decreased in sepsis,® and heparan sulfate
levels elevated in sepsis showed that endothelial glycocalyx
may be degraded in sepsis leading to endothelial dysfunction.
31 As discussed earlier [Figure 4], endothelial glycocalyx
degradation may trigger phenotype change. NO has been
shown to increase VEGF and it was related to angiogenesis.”]
VEGF that has been shown to be increased in sepsis implies
angiogenesis that may occur in sepsis and these fragile new
vessels may cause capillary leak and bleeding complicates
the picture further.['* Thrombin has been shown to change
the fibroblasts to myofibroblast type;!'® we may call this
in spirit of Warburg effect as dedifferentiation [Figure 3].
As shown earlier, it is well known that thrombin induces
VSMC proliferation.t'’”1**1°!I It has been already shown that
heparin is antiproliferative, and it inhibited proliferation of
VSMC,!%194 proliferation of uterine SMC,!'™! mesangial
cell proliferation.!'” It looks as thrombin may be involved in
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regulating dedifferentiation state and heparin may be involved
in regulating the differentiated state of the vascular system.
Overall, there is a decrease in anticoagulant state and increase
in coagulation state occurs in sepsis,["**'®"] and this has to
be seen in the context of the cell phenotype state. Heparin
has been suggested by many in the treatment of sepsis.[*”]
As said above, it may work not only as an anticoagulant but
as a differentiating factor. Ascorbic acid has been shown to
increase fibrinolytic activity.l'”® Many other pathologies also
seem to obey the Warburg differentiation—dedifferentiation
effect, but due to space constraint, they are not discussed in
this review article.

MiLp ReversiBLe WARBURG
DirrerenTIATION—DEDIFFERENTIATION EFFECT IS
NecessaRY For NormAL FuncTIONING

Exercise induced vasodilation in the skeletal muscle arteries.
High plasma catecholamine level has been shown during
exercise.'” Lactic acidosis?® during exercise implies
glycolysis. This may lead to the embryonic state of the VSMC
in the skeletal muscle arteries which as shown above may have
beta 2 ARs as their predominant receptors and catecholamines
act on it to produce vasodilation.

Every woman in their reproductive period produces a highly
regulated tumor called fetus. Even though in pregnancy
NO has been shown to be increased in animal models, how
this is related to normal pregnancy and complications such
as preeclampsia is not clear cut.[°:221 It is well known
that pregnancy is associated with increased sympathetic
activity,?®! increased coagulation state, and increased insulin
level,?* which implies pregnancy may be cancer-like
condition. Warburg effect has been already related to
embryo metabolism.?) A mild and reversible Warburg
dedifferentiation effect may be necessary for maintaining
normal pregnancy and an exaggerated irreversible Warburg
dedifferentiation effect [Figure 1], which may cause
pregnancy-related complications such as preeclampsia,
eclampsia, and gestational diabetes. Due to space constraint,
it is not discussed further, but one can relate these conditions
to the mechanisms discussed earlier for SHT and diabetes.
It has been already shown that the vascular response was
decreased in pregnancy to vasopressors;?% one can see the
similarity between this condition and vascular hyporeactivity
to vasopressors in septic shock [Figure 5]. Furthermore, it has
been shown in animal model that during pregnancy, alpha 1
AR density decreases in aortic VSM, ) which can be seen as a
change in cell phenotype toward embryonic dedifferentiation
state. Moreover, this same process when it reaches the
irreversible dedifferentiation synthetic/proliferative state may
produce the pregnancy complications.

Warburg differentiation—dedifferentiation effect in many
other normal processes is not discussed further due to space
constraint.

PauLing, GyorGyl, WARBURG, AND AscorBic AciD

Linus Pauling in the latter half of the life was devoted to
ascorbic acid research, who believed that ascorbic acid
was a universal drug which can be given for many diseases
ranging from common cold to cancer. Pauling showed that
decreased ascorbic acid level can lead to problems in ECM
production and endothelial dysfunction, and most importantly,
its regulation of mitochondrial respiration activation will be
lost; all these may lead to Warburg effect and cancer.®" Like
Pauling, Gyorgyi who discovered ascorbic acid devoted his
latter half of the life in developing the electronic theory of
cancer. He believed that stopping the electron flux in the
mitochondrial electron transport chain could trigger the events
leading to Warburg effect and ends in the primitive cancer
state that has the better survival advantage and related his
electronic theory of cancer with Warburg effect. He believed
that ascorbic acid is essential for life.?*” Irrespective of
Pauling and Gyorgyi’s contribution, interest in ascorbic acid
use in diseases and cancer in particular went down. Recently,
one can see the revival of ascorbic acid and has shown many
promising directions ranging from cancer to septic shock,!#2%!
and to reach high plasma levels of ascorbic acid, it has to be
used intravenously.?”!

In sepsis, ascorbic acid levels were shown to be decreased
in sepsis patients and it was used intravenously in a phase
1 trial which showed that it is safe and reduces multiorgan
dysfunction.®? Ascorbic acid has been shown to restore the
endothelial dysfunction, restore insulin sensitivity, restored
eNOS, inhibit iNOS,219212 decrease HIF1 alpha level,?!¥
inhibit TNF alpha-induced NFkB,"'* and enhance eNOS action
by increasing BH4 level.*'"! Ascorbic acid has shown to inhibit
iNOS and restore vascular response to norepinephrine in sepsis
animal model.'¥) Ascorbic acid has been used intravenously
which reversed the vascular hyporeactivity to vasopressors
during the inflammation made by endotoxin in healthy humans.
2171 Ascorbic acid has been shown to increase fibrinolytic
activity in coronary artery disease patients.!'” Furthermore,
it is well known that ascorbate activates cytochrome C
oxidase and is used as a substrate for activating this enzyme.
(4811 Ascorbic acid has the potential to be a universal drug
which may work in treating many pathologies including all
those mentioned in this article ranging from septic shock
to cancer. Ascorbic acid works as a differentiating factor
regulating the differentiated state of the cell by activating
mitochondrial respiration at cytochrome C oxidase, thereby
making the electron flux to proceed normally; this action
includes the removal of mitochondrial respiration inhibition
by the uncoupler/respiratory poison. Further, ascorbic acid
by decreasing HIF1 alpha may inhibit the activation of
glycolytic enzymes. It helps in maintaining normal endothelial
glycocalyx, ECM, and endothelial function; this restricts the
freedom of the movement of the cells, and thus, the phenotype
change may be prevented. It also works by its commonly
known antioxidant function by scavenging the reactive species.
In short, ascorbic acid may be a key regulator in maintaining
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the normal adult-differentiated state of the cell and thus
maintains order in the human system. Maintaining normal
ascorbic acid level in plasma may be essential for normal
healthy life. Ascorbic acid can be used to treat most of the
pathologies as a differentiation therapy including septic shock.
Why a molecule of this importance has not been synthesized in
the human body was related to evolution and is not discussed
in this article.!

Treatment OPTIONS FOR SEPTIC SHOCK AS

DiFreRENTIATION THERAPY

Treatment should aim at reversing the Warburg effect by
activating the mitochondrial respiration either by directly
activating the cytochrome C oxidase or by removing the
inhibition of mitochondrial respiration caused by the
uncoupler/respiratory poison. Any uncoupler that can
do the same job as NO by inhibiting the mitochondrial
respiration would trigger the Warburg effect leading to
irreversible-dedifferentiated states, e.g. cyanide poisoning.
When one uncoupler/respiratory poison is causing the
disease, the pathology can be treated by (1) activating the
mitochondrial respiration directly, for example, by ascorbic
acid, caffeine,!'” and cytochrome; C;!'®! (2) removing the
uncoupler source, for example, by reducing the NO in sepsis
using antibiotics, adrenergic blockers, eNOS restoration,
and iNOS inhibition; (3) counterintuitively, one can use the
other uncouplers/respiratory poisons that can inhibit the
mitochondrial respiration and may work by competitive
inhibition, thereby activating the mitochondrial respiration, for
example, this mechanism seems to underlie in the treatment of
cyanide poisoning using sodium nitrite and sodium thiosulfate.
As shown above, Warburg common pathogenesis model seems
to underlie in most pathologies; if most of the diseases have
common pathogenesis, then most of the drugs may also work
by a common mechanism by reversing the Warburg effect and
thus regulate the maintenance of adult-differentiated phenotype
of the cells by the drugs action on mitochondrial respiration.
In that case, many safe drugs used in one pathology may be
used in some other seemingly unrelated pathologies.

Primary drug options in sepsis

1. Ascorbic acid should be the primary drug option in septic
shock and in many other pathologies, and it should be
used only by parenteral route and not by oral route. Use
of ascorbic acid in sepsis and in many pathologies has
been already shown!!+81:821

2. Adrenergic blockers should be used in septic shock as

mentioned in the vascular dysfunction section; it has been

already used in sepsis and shock states.[®10-13:3839104] A]pha

blockers may be a better choice in initial state of sepsis,

and beta blocker may be a better choice in later stages of

sepsis; combined alpha + beta blocker may work in all

stages of sepsis [Figure 5]

Antibiotics

4. Vasopressors should not be given.

had

The primary drug options along with no vasopressor use may
be sufficient to treat the septic shock.

Secondary drug options

1. In general, all the antihypertensives may be used for
treating septic shock. For example, amlodipine can be
used in septic shock. It has been already shown that
amlodipine-inhibited TNF alpha, iNOS expression in
VSMC treated with LPSE'®!

2. Antiglycolytic drugs — DCA,*? shikonin!**!

Anticancer drugs: ATRA, MTX

4. Cholinergic agonists or VNS:HLI2 Acetylcholine
may be helpful, but it also carries the risk of causing
bronchoconstriction when given in the initial phase of
septic shock. How VNS can be used in septic shock has
to be sorted out in the future

5. Andrographolide has been already shown to restore the
normal vascular response in LPS-treated rat aorta by
inhibiting iNOS and it improved the arterial pressure in
septic shock animal model®"!

6. Heparin as mentioned above works not only as an
anticoagulant but also as a regulator of differentiation

7. Near-infrared light (NIR) or red light: NIR has been
shown to activate mitochondrial respiration by its action
on cytochrome C oxidase, and it has been used in various
pathologies.?222l1 Red light incubators can be used in the
future in critical care units

8. Low-dose metformin may be helpful and metformin
anticancer role can be seen in this context.??? Tsoyi et al.
already had shown that metformin improved survival
in animal sepsis model by its inhibitory action on high
mobility group box 1723

9. Cytochrome C has been already used to activate
mitochondrial respiration in sepsis animal model and
showed beneficial effects!'?!

10. Caffeine,l'”! as cytochrome C, activated mitochondrial
respiration in sepsis animal model and produced
beneficial effects

11. Methylene blue (MB): It is well known that MB
increases cytochrome c oxidase activity and
mitochondrial respiration.??” MB has been used in
septic shock patients and showed improved mean
arterial pressure, but its effect on mortality has
not been determined; here, MB was used from the
viewpoint of soluble guanylyl cyclase inhibition to
reduce the NO level.[??32260 MB should be used only in
the late phase of septic shock

12. Statins!'?!122

13. Sildenafil has been used in PAH and erectile dysfunction
(ED) and it has been shown to restore eNOS, prevent
endothelial dysfunction, and decrease iNOS in the ED
animal model.??” Sildenafil can be given in later stages
of septic shock, whereas in the initial state [Figure 5],
where eNOS is already hyperactivated, sildenafil may
aggravate by further activating eNOS and may complicate
the condition

el
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14. N-acetyl cysteine can be used to increase glutathione
and glutathione may protect the respiratory inhibition by
NO.2 However, ascorbate itself may rise glutathione
level.?*!

Due to space constraint, I restrict the treatment options. Timing
ofthe drugs plays a key role as some drugs which were helpful
in one phase of the septic shock may not be helpful in other
phase, e.g., propranolol may work better only in the late phase
of the septic shock.

As discussed earlier, because of its effect on proliferation,
insulin carries the risk of double-edged sword.

CONCLUSION

Warburg common pathogenesis model or Warburg
differentiation—dedifferentiation effect has the potential to
explain not only septic shock but also most of the pathologies
such as SHT, PAH, atherosclerosis, CHF, ALI/ARDS, asthma,
DM 1 and 2, AKI, PKD, CKD, and Fanconi’s syndrome.
This raises the possibility that most of the diseases may
have common pathogenesis and most of the drugs may also
have a common action, which may be related to the Warburg
differentiation—dedifferentiation effect. A mild Warburg
differentiation—dedifferentiation effect may be necessary for
normal functioning in some specific parts of the body and is
necessary for tissue repair. Most of the pathologies tend toward
Warburg effect finally. This can be seen as the successful
local survival strategy of the cells in response to injuries by
returning back to their primitive irreversible-dedifferentiated
states which may have survival advantage. However, this
may lead to the disordered state and global failure in organ
system/organism, where order in terms of differentiation is
necessary for normal functioning. Death of the organism is
due to the immortality pathway chosen by the cells locally.
All the processes in the body may have relation to this
Warburg differentiation—dedifferentiation effect. If the model
is experimentally verified, it has the potential to act as a
fundamental theorem for medicine. Experimental verification
of this model is of paramount importance as it helps not only
in treating septic shock but many other medical problems and
will open up new unknown territories.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

REFERENCES
1. Cohen J. The immunopathogenesis of sepsis. Nature 2002;
420:885-91.

2. Thomas L. Germs. N Engl J Med 1972;287:553-5.

3. Kasper DL, Fauci AS, Hauser SL, Longo DL, Jameson JL, Loscalzo J.
Harrison’s Principles of Internal Medicine. 19" ed., Vol. 2. New York:
McGraw Hill; 2015. p. 1751-9.

4. Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM,
et al. Surviving sepsis campaign: International guidelines for

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

management of severe sepsis and septic shock: 2012. Crit Care Med
2013;41:580-637.

Kimmoun A, Ducrocq N, Levy B. Mechanisms of vascular
hyporesponsiveness in septic shock. Curr Vasc Pharmacol 2013;11:139-49.
Duan C, Yang G, Li T, Liu L. Advances in vascular hyporeactivity after
shock: The mechanisms and managements. Shock 2015;44:524-34.
Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis.
N Engl J Med 2003;348:138-50.

Lankadeva YR, Booth LC, Kosaka J, Evans RG, Quintin L, Bellomo R,
et al. Clonidine restores pressor responsiveness to phenylephrine and
angiotensin II in ovine sepsis. Crit Care Med 2015;43:¢221-9.
Gradwohl-Matis I, Diinser MW. Reverse physiology: Applying an
antihypertensive drug to increase arterial blood pressure in septic
shock. Crit Care Med 2015;43:1548-50.

Géloén A, Pichot C, Leroy S, Julien C, Ghignone M, May CN,
et al. Pressor response to noradrenaline in the setting of septic
shock: Anything new under the sun-dexmedetomidine, clonidine? A
minireview. Biomed Res Int 2015;2015:863715.

Pemberton P, Veenith T, Snelson C, Whitehouse T. Is it time to beta
block the septic patient? Biomed Res Int 2015;2015:424308.

Novotny NM, Lahm T, Markel TA, Crisostomo PR, Wang M, Wang Y,
et al. Beta-blockers in sepsis: Reexamining the evidence. Shock
2009;31:113-9.

Miksa M, Das P, Zhou M, Wu R, Dong W, Ji Y, et al. Pivotal role of
the a2 A-adrenoceptor in producing inflammation and organ injury in a
rat model of sepsis. PLoS ONE 2009;4:¢5504. Available from: http:/
www.ncbi.nlm.nih.gov/pmc/articles/PMC2677660/.

Oudemans-van Straaten HM, Spoelstra-de Man AM, de Waard MC.
Vitamin C revisited. Crit Care 2014;18:460.

Yang L, Xie M, Yang M, Yu'Y, Zhu S, Hou W, et al. PKM2 regulates the
warburg effect and promotes HMGBI release in sepsis. Nat Commun
2014;5:4436.

Piel DA, Deutschman CS, Levy RJ. Exogenous cytochrome C restores
myocardial cytochrome oxidase activity into the late phase of sepsis.
Shock 2008;29:612-6.

Verma R, Huang Z, Deutschman CS, Levy RJ. Caffeine restores
myocardial cytochrome oxidase activity and improves cardiac function
during sepsis. Crit Care Med 2009;37:1397-402.

Warburg O, Wind F, Negelein E. The metabolism of tumors in the body.
J Gen Physiol 1927;8:519-30.

Warburg O. On the origin of cancer cells. Science 1956;123:309-14.
Vander Heiden MG, Cantley LC, Thompson CB. Understanding the
Warburg effect: The metabolic requirements of cell proliferation.
Science 2009;324:1029-33.

Moncada S, Erusalimsky JD. Does nitric oxide modulate
mitochondrial energy generation and apoptosis? Nat Rev Mol Cell
Biol 2002;3:214-20.

Fink M. Cytopathic hypoxia in sepsis. Acta Anaesthesiol Scand
Suppl 1997;110:87-95.

Levy RJ, Deutschman CS. Cytochrome c¢ oxidase dysfunction in sepsis.
Crit Care Med 2007;35:S468-75.

Heiskanen KM, Bhat MB, Wang HW, Ma J, Nieminen AL.
Mitochondrial depolarization accompanies cytochrome c release
during apoptosis in PC6 cells. J Biol Chem 1999;274:5654-8.

Heerdt BG, Houston MA, Augenlicht LH. Growth properties of colonic
tumor cells are a function of the intrinsic mitochondrial membrane
potential. Cancer Res 2006;66:1591-6.

Kuwabara M, Kakinuma Y, Ando M, Katare RG, Yamasaki F, Doi Y,
et al. Nitric oxide stimulates vascular endothelial growth factor
production in cardiomyocytes involved in angiogenesis. J Physiol Sci
2006;56:95-101.

Ozawa S, Ueda S, Imamura H, Mori K, Asanuma K, Yanagita M, et al.
Glycolysis, but not mitochondria, responsible for intracellular ATP
distribution in cortical area of podocytes. Sci Rep 2015;5:18575.
Bonventre JV. Dedifferentiation and proliferation of surviving epithelial
cells in acute renal failure. ] Am Soc Nephrol 2003;14 Suppl 1:S55-61.
Tepperman BL, Chang Q, Soper BD. Protein kinase C mediates
lipopolysaccharide- and phorbol-induced nitric-oxide synthase
activity and cellular injury in the rat colon. J Pharmacol Exp Ther
2000;295:1249-57.

International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018 -




30.

31.
32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43
44,
45.

46.
47.

48.

49.

50.

SI.

52.

.International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018

Natesan: Warburg effect in various pathophysiological processes

Tang X, Metzger D, Leeman S, Amar S. LPS-induced TNF-alpha
factor (LITAF)-deficient mice express reduced LPS-induced cytokine:
Evidence for LITAF-dependent LPS signaling pathways. Proc Natl
Acad Sci U S A2006;103:13777-82.

BhatNR, Zhang P, Bhat AN. Cytokine induction of inducible nitric oxide
synthase in an oligodendrocyte cell line: Role of p38 mitogen-activated
protein kinase activation. ] Neurochem 1999;72:472-8.

Da Silva J, Pierrat B, Mary JL, Lesslauer W. Blockade of p38
mitogen-activated protein kinase pathway inhibits inducible
nitric-oxide synthase expression in mouse astrocytes. J Biol Chem
1997;272:28373-80.

Groves AC, Griffiths J, Leung F, Meek RN. Plasma catecholamines in
patients with serious postoperative infection. Ann Surg 1973;178:102-7.
Annane D, Trabold F, Sharshar T, Jarrin I, Blanc AS, Raphael JC, et al.
Inappropriate sympathetic activation at onset of septic shock: A spectral
analysis approach. Am J Respir Crit Care Med 1999;160:458-65.
Doerschug KC, Delsing AS, Schmidt GA, Ashare A. Renin-angiotensin
system activation correlates with microvascular dysfunction in a
prospective cohort study of clinical sepsis. Crit Care 2010;14:R24.
Bernard GR, Reines HD, Halushka PV, Higgins SB, Metz CA,
Swindell BB, et al. Prostacyclin and thromboxane A2 formation
is increased in human sepsis syndrome. Effects of cyclooxygenase
inhibition. Am Rev Respir Dis 1991;144:1095-101.

Singer M. Catecholamine treatment for shock — Equally good or bad?
Lancet 2007;370:636-7.

Berk JL, Hagen JF, Beyer WH, Gerber MJ, Dochat GR. The treatment of
endotoxin shock by beta adrenergic blockade. Ann Surg 1969;169:74-81.
Luchette FA, Robinson BR, Friend LA, McCarter F, Frame SB,
James JH, et al. Adrenergic antagonists reduce lactic acidosis in
response to hemorrhagic shock. J Trauma 1999;46:873-80.

Giirdal H, Can A, Ugur M. The role of nitric oxide synthase in
reduced vasocontractile responsiveness induced by prolonged
alphal-adrenergic receptor stimulation in rat thoracic aorta. Br J
Pharmacol 2005;145:203-10.

Calvert JW, Lefer DJ. Role of f-adrenergic receptors and nitric oxide
signaling in exercise-mediated cardioprotection. Physiology (Bethesda)
2013;28:216-24.

Bhushan S, Kondo K, Predmore BL, Zlatopolsky M, King AL, Pearce C,
et al. Selective 2-adrenoreceptor stimulation attenuates myocardial
cell death and preserves cardiac function after ischemia-reperfusion
injury. Arterioscler Thromb Vasc Biol 2012;32:1865-74.

Kan H, Xie Z, Finkel MS. Norepinephrine-stimulated MAP kinase
activity enhances cytokine-induced NO production by rat cardiac
myocytes. Am J Physiol 1999;276:H47-52.

Liao MH, Shih CC, Tsao CM, Chen SJ, Wu CC. RhoA/Rho-kinase and
nitric oxide in vascular reactivity in rats with endotoxaemia. PLoS One
2013;8:¢56331.

Szab6 C, Mitchell JA, Thiemermann C, Vane JR. Nitric oxide-mediated
hyporeactivity to noradrenaline precedes the induction of nitric oxide
synthase in endotoxin shock. Br J Pharmacol 1993;108:786-92.
Kirkebeen KA, Strand OA. The role of nitric oxide in sepsis — An
overview. Acta Anaesthesiol Scand 1999;43:275-88.

Titheradge MA. Nitric oxide in septic shock. Biochim Biophys Acta
1999;1411:437-55.

TRIUMPH Investigators, Alexander JH, Reynolds HR, Stebbins AL,
Dzavik V, Harrington RA, ef al. Effect of tilarginine acetate in
patients with acute myocardial infarction and cardiogenic shock: The
TRIUMPH randomized controlled trial. JAMA 2007;297:1657-66.
Kielstein JT, Sydow K, Thum T. Tilarginine in patients with acute
myocardial infarction and cardiogenic shock. JAMA 2007;298:971.
Ndrepepa G, Schomig A, Kastrati A. Lack of benefit from nitric oxide
synthase inhibition in patients with cardiogenic shock: Looking for the
reasons. JAMA 2007;297:1711-3.

Cooper CE, Brown GC. The inhibition of mitochondrial cytochrome
oxidase by the gases carbon monoxide, nitric oxide, hydrogen cyanide
and hydrogen sulfide: Chemical mechanism and physiological
significance. J Bioenerg Biomembr 2008;40:533-9.

Brown GC. Regulation of mitochondrial respiration by nitric
oxide inhibition of cytochrome c oxidase. Biochim Biophys Acta
2001;1504:46-57.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Brix B, Mesters JR, Pellerin L, Johren O. Endothelial cell-derived nitric
oxide enhances aerobic glycolysis in astrocytes via HIF-1o-mediated
target gene activation. J Neurosci 2012;32:9727-35.

Geng Y, Hansson GK, Holme E. Interferon-gamma and tumor necrosis
factor synergize to induce nitric oxide production and inhibit mitochondrial
respiration in vascular smooth muscle cells. Circ Res 1992;71:1268-76.
Ruggieri AJ, Levy RJ, Deutschman CS. Mitochondrial dysfunction and
resuscitation in sepsis. Crit Care Clin 2010;26:567-75, x-xi.

Levy RJ, Piel DA, Acton PD, Zhou R, Ferrari VA, Karp JS, et al.
Evidence of myocardial hibernation in the septic heart. Crit Care Med
2005;33:2752-6.

Wacharasint P, Nakada TA, Boyd JH, Russell JA, Walley KR.
Normal-range blood lactate concentration in septic shock is prognostic
and predictive. Shock 2012;38:4-10.

Levy B, Desebbe O, Montemont C, Gibot S. Increased aerobic
glycolysis through beta2 stimulation is a common mechanism involved
in lactate formation during shock states. Shock 2008;30:417-21.

Levy B. Lactate and shock state: The metabolic view. Curr Opin Crit
Care 2006;12:315-21.

Suetrong B, Walley KR. Lactic acidosis in sepsis: It’s not all anaerobic:
Implications for diagnosis and management. Chest 2016;149:252-61.
Gore DC, Jahoor F, Hibbert JM, DeMaria EJ. Lactic acidosis during
sepsis is related to increased pyruvate production, not deficits in tissue
oxygen availability. Ann Surg 1996;224:97-102.

Arnon S, Litmanovits I, Regev R, Elpeleg O, Dolfin T. Dichloroacetate
treatment for severe refractory metabolic acidosis during neonatal
sepsis. Pediatr Infect Dis J 2001;20:218-9.

Kankotia S, Stacpoole PW. Dichloroacetate and cancer: New home for
an orphan drug? Biochim Biophys Acta 2014;1846:617-29.

Hargrove DM, Bagby GJ, Lang CH, Spitzer JJ. Adrenergic blockade
prevents endotoxin-induced increases in glucose metabolism. Am J
Physiol 1988;255:E629-35.

James JH, Fang CH, Schrantz SJ, Hasselgren PO, Paul RJ, Fischer JE,
et al. Linkage of aerobic glycolysis to sodium-potassium transport in rat
skeletal muscle. Implications for increased muscle lactate production in
sepsis. J Clin Invest 1996;98:2388-97.

Shi T, Papay RS, Perez DM. A1A-adrenergic receptor prevents cardiac
ischemic damage through PKCS/GLUT1/4-mediated glucose uptake.
J Recept Signal Transduct Res 2016;36:261-70.

Becker J, Jakob A. Alpha-adrenergic stimulation of glycolysis and Na+,
K+ -transport in perfused rat liver. Eur J Biochem 1982;128:293-6.
Levy B, Perez P, Perny J. Where does the lactate come from? A rare
cause of reversible inhibition of mitochondrial respiration. Crit Care
2010;14:136.

Shaul PW, Magness RR, Muntz KH, DeBeltz D, Buja LM. Alpha
l-adrenergic receptors in pulmonary and systemic vascular smooth
muscle. Alterations with development and pregnancy. Circ Res
1990;67:1193-200.

Campbell JH, Campbell GR. Smooth muscle phenotypic modulation—A
personal experience. Arterioscler Thromb Vasc Biol 2012;32:1784-9.
Chiong M, Cartes-Saavedra B, Norambuena-Soto I, Mondaca-Ruff D,
Morales PE, Garcia-Miguel M, et al. Mitochondrial metabolism and
the control of vascular smooth muscle cell proliferation. Front Cell Dev
Biol 2014;2:72. Available from: http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4266092/.

Yang M, Brackenbury WJ. Membrane potential and cancer progression.
Front Physiol 2013;4:185.

House SJ, Potier M, Bisaillon J, Singer HA, Trebak M. The
non-excitable smooth muscle: Calcium signaling and phenotypic
switching during vascular disease. Pflugers Arch 2008;456:769-85.
Gollasch M, Haase H, Ried C, Lindschau C, Morano I, Luft FC, et al.
L-type calcium channel expression depends on the differentiated state
of vascular smooth muscle cells. FASEB J 1998;12:593-601.

Dalle Lucca SL, Dalle Lucca JJ, Borges AC, lhara SS, Paiva TB.
Abnormal proliferative response of the carotid artery of spontaneously
hypertensive rats after angioplasty may be related to the depolarized
state of its smooth muscle cells. Braz ] Med Biol Res 2000;33:919-27.
Dzau VJ, Braun-Dullacus RC, Sedding DG. Vascular proliferation and
atherosclerosis: New perspectives and therapeutic strategies. Nat Med
2002;8:1249-56.




77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Natesan: Warburg effect in various pathophysiological processes

Chistiakov DA, Orekhov AN, Bobryshev YV. Vascular smooth muscle
cell in atherosclerosis. Acta Physiol (Oxf) 2015;214:33-50.

Chen PY, Qin L, Baeyens N, Li G, Afolabi T, Budatha M, et al.
Endothelial-to-mesenchymal  transition  drives  atherosclerosis
progression. J Clin Invest 2015;125:4514-28.

Bara I, Ozier A, Tunon de Lara JM, Marthan R, Berger P.
Pathophysiology of bronchial smooth muscle remodelling in asthma.
Eur Respir J 2010;36:1174-84.

Kondaveeti Y, Guttilla Reed IK, White BA. Epithelial-mesenchymal
transition induces similar metabolic alterations in two independent
breast cancer cell lines. Cancer Lett 2015;364:44-58.

Cameron E, Pauling L, Leibovitz B. Ascorbic acid and cancer:
A review. Cancer Res 1979;39:663-81.

Fowler AA, Syed AA, Knowlson S, Sculthorpe R, Farthing D,
DeWilde C, et al. Phase 1 safety trial of intravenous ascorbic acid in
patients with severe sepsis. J Transl Med 2014;12:32.
Hofmann-Kiefer KF, Kemming GI, Chappell D, Flondor M,
Kisch-Wedel H, Hauser A, et al. Serum heparan sulfate levels are
elevated in endotoxemia. Eur J Med Res 2009;14:526-31.

Anand D, Ray S, Srivastava LM, Bhargava S. Evolution of serum
hyaluronan and syndecan levels in prognosis of sepsis patients. Clin
Biochem 2016;49:768-76.

Nelson A, Berkestedt I, Schmidtchen A, Ljunggren L, Bodelsson M.
Increased levels of glycosaminoglycans during septic shock: Relation to
mortality and the antibacterial actions of plasma. Shock 2008;30:623-7.
Watson JD. Molecular Biology of the Gene. 2" ed. New York: W.A.
Benjamin Inc.; 1970.

Webb RC. Smooth muscle contraction and relaxation. Adv Physiol
Educ 2003;27:201-6.

Takakura K, Taniguchi T, Muramatsu I, Takeuchi K, Fukuda S.
Modification of alphal -adrenoceptors by peroxynitrite as a possible
mechanism of systemic hypotension in sepsis. Crit Care Med
2002;30:894-9.

Hu ZW, Shi XY, Lin RZ, Hoffman BB. Alphal adrenergic receptors
activate phosphatidylinositol 3-kinase in human vascular smooth
muscle cells. Role in mitogenesis. J Biol Chem 1996;271:8977-82.
Yamazaki T, Komuro I, Zou Y, Kudoh S, Shiojima I, Hiroi Y, et al.
Norepinephrine induces the raf-1 kinase/mitogen-activated protein
kinase cascade through both alpha 1- and beta-adrenoceptors.
Circulation 1997;95:1260-8.

Wang L, Rolfe M, Proud CG. Ca(2+)-independent protein kinase C
activity is required for alphal-adrenergic-receptor-mediated regulation
of ribosomal protein S6 kinases in adult cardiomyocytes. Biochem J
2003;373(Pt 2):603-11.

Wen J, Ribeiro R, Zhang Y. Specific PKC isoforms regulate
LPS-stimulated iNOS induction in murine microglial cells.
J Neuroinflammation 2011;8:38.

Daaka Y, Luttrell LM, Lefkowitz RJ. Switching of the coupling of the
beta2-adrenergic receptor to different G proteins by protein kinase A.
Nature 1997;390:88-91.

Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N, Masters BS,
Karoui H, et al. Superoxide generation by endothelial nitric oxide
synthase: The influence of cofactors. Proc Natl Acad Sci U S A
1998;95:9220-5.

Yang YM, Huang A, Kaley G, Sun D. ENOS uncoupling and
endothelial dysfunction in aged vessels. Am J Physiol Heart Circ
Physiol 2009;297:H1829-36.

Cauwels A, Janssen B, Buys E, Sips P, Brouckaert P. Anaphylactic
shock depends on PI3K and eNOS-derived NO. J Clin Invest
2006;116:2244-51.

Lowenstein CJ, Michel T. What’s in a name? ENOS and anaphylactic
shock. J Clin Invest 2006;116:2075-8.

Nishina H, Ozaki T, Hanson MA, Poston L. Mechanisms of
noradrenaline-induced vasorelaxation in isolated femoral arteries of
the neonatal rat. Br J Pharmacol 1999;127:809-12.

Sun D, Huang A, Mital S, Kichuk MR, Marboe CC, Addonizio LJ,
et al. Norepinephrine elicits beta2-receptor-mediated dilation of
isolated human coronary arterioles. Circulation 2002;106:550-5.
Fischer LG, Horstman DJ, Hahnenkamp K, Kechner NE,
Rich GF. Selective iNOS inhibition attenuates acetylcholine- and

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

bradykinin-induced vasoconstriction in lipopolysaccharide-exposed rat
lungs. J Am Soc Anesthesiol 1999;91:1724-32.

LudmerPL, Selwyn AP, Shook TL, Wayne RR, Mudge GH, Alexander RW,
et al. Paradoxical vasoconstriction induced by acetylcholine in
atherosclerotic coronary arteries. N Engl J Med 1986;315:1046-51.
Conraads VM, Bosmans JM, Claecys MJ, Vrints CJ, Snoeck JP,
De Clerck L, et al. Paradoxic pulmonary vasoconstriction in response
to acetylcholine in patients with primary pulmonary hypertension.
Chest 1994;106:385-90.

Halcox JP, Schenke WH, Zalos G, Mincemoyer R, Prasad A,
Waclawiw MA, et al. Prognostic value of coronary vascular endothelial
dysfunction. Circulation 2002;106:653-8.

Bawaskar HS, Bawaskar PH. Scorpion sting: Update. J Assoc
Physicians India 2012;60:46-55.

Wang Y, Yu X, Wang F, Wang Y, Wang Y, Li H, ef al. Yohimbine
promotes cardiac NE release and prevents LPS-induced cardiac
dysfunction via blockade of presynaptic ci2A-adrenergic receptor.
PLoS One 2013;8:¢63622.

Suzuki T, Morisaki H, Serita R, Yamamoto M, Kotake Y, Ishizaka A,
et al. Infusion of the beta-adrenergic blocker esmolol attenuates
myocardial dysfunction in septic rats. Crit Care Med 2005;33:2294-301.
Duan EH, Oczkowski SJ, Belley-Cote E, Whitlock R, Lamontagne F,
Devereaux PJ, et al. B-blockers in sepsis: Protocol for a systematic
review and meta-analysis of randomised control trials. BMJ Open
2016;6:¢012466.

Pan L, Liu C, Kong Y, Piao Z, Cheng B. Phentolamine inhibits
angiogenesis in vitro: Suppression of proliferation migration and
differentiation of human endothelial cells. Clin Hemorheol Microcirc
2017;65:31-41.

Coelho M, Moz M, Correia G, Teixeira A, Medeiros R, Ribeiro L, et al.
Antiproliferative effects of f-blockers on human colorectal cancer
cells. Oncol Rep 2015;33:2513-20.

O’Malley MK, McDermott EW, Mehigan D, O’Higgins NJ. Role for
prazosin in reducing the development of rabbit intimal hyperplasia
after endothelial denudation. Br J Surg 1989;76:936-8.

Wang H, Liao H, Ochani M, Justiniani M, Lin X, Yang L, ef al.
Cholinergic agonists inhibit HMGBI release and improve survival in
experimental sepsis. Nat Med 2004;10:1216-21.

Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI,
Watkins LR, ef al. Vagus nerve stimulation attenuates the systemic
inflammatory response to endotoxin. Nature 2000;405:458-62.

Sun X, Kumar S, Sharma S, Aggarwal S, Lu Q, Gross C, et al.
Endothelin-1 induces a glycolytic switch in pulmonary arterial
endothelial cells via the mitochondrial translocation of endothelial
nitric oxide synthase. Am J Respir Cell Mol Biol 2014;50:1084-95.
Hadrava V, Kruppa U, Russo RC, Lacourciére Y, Tremblay J, Hamet P,
et al. Vascular smooth muscle cell proliferation and its therapeutic
modulation in hypertension. Am Heart J 1991;122:1198-203.

Fukuda N. Molecular mechanisms of the exaggerated growth of
vascular smooth muscle cells in hypertension. J Atheroscler Thromb
1997;4:65-72.

Lacolley P, Regnault V, Nicoletti A, Li Z, Michel JB. The vascular
smooth muscle cell in arterial pathology: A cell that can take on
multiple roles. Cardiovasc Res 2012;95:194-204.

Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular
smooth muscle cell differentiation in development and disease. Physiol
Rev 2004;84:767-801.

Kaimoto T, Yasuda O, Ohishi M, Mogi M, Takemura Y, Suhara T, et al.
Nifedipine inhibits vascular smooth muscle cell dedifferentiation via
downregulation of akt signaling. Hypertension 2010;56:247-52.
Wakino S, Kintscher U, Kim S, Jackson S, Yin F, Nagpal S, et al.
Retinoids inhibit proliferation of human coronary smooth muscle cells
by modulating cell cycle regulators. Arterioscler Thromb Vasc Biol
2001;21:746-51.

Sutendra G, Michelakis ED. The metabolic basis of pulmonary arterial
hypertension. Cell Metab 2014;19:558-73.

Paulin R, Michelakis ED. The metabolic theory of pulmonary arterial
hypertension. Circ Res 2014;115:148-64.

Preston IR, Tang G, Tilan JU, Hill NS, Suzuki YJ. Retinoids and
pulmonary hypertension. Circulation 2005;111:782-90.

International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018 -




123.
124.
125.
126.

127.
128.

129.
130.
131.
132.
133.
134.
135.

136.

137.

138.

139.

140.

141.
142.

143.
144.

145.
146.
147.
148.

.International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018

Natesan: Warburg effect in various pathophysiological processes

Pleiner J, Schaller G, Mittermayer F, Zorn S, Marsik C, Polterauer S,
et al. Simvastatin prevents vascular hyporeactivity during inflammation.
Circulation 2004;110:3349-54.

Kandasamy K, Prawez S, Choudhury S, More AS, Ahanger AA,
Singh TU, et al. Atorvastatin prevents vascular hyporeactivity to
norepinephrine in sepsis: Role of nitric oxide and o -adrenoceptor
mRNA expression. Shock 2011;36:76-82.

Madamanchi A. Beta-adrenergic receptor signaling in cardiac function
and heart failure. Mcgill ] Med 2007;10:99-104.

Najafi A, Sequeira V, Kuster DW, van der Velden J. B-adrenergic
receptor signalling and its functional consequences in the diseased
heart. Eur J Clin Invest 2016;46:362-74.

Lohse MJ, Engelhardt S, Eschenhagen T. What is the role of
beta-adrenergic signaling in heart failure? Circ Res 2003;93:896-906.
Carnicer R, Crabtree MJ, Sivakumaran V, Casadei B, Kass DA. Nitric
oxide synthases in heart failure. Antioxid Redox Signal 2013;18:1078-99.
Haywood GA, Tsao PS, von der Leyen HE, Mann MJ, Keeling PJ,
Trindade PT, et al. Expression of inducible nitric oxide synthase in
human heart failure. Circulation 1996;93:1087-94.

Mann DL, Zipes DP, Libby P, Bonow RO, editors. Braunwald’s Heart
Disease: A Textbook of Cardiovascular Medicine. 10™ ed., Vol. 1.
Philadelphia: Elsevier; 2015.

Neubauer S. The failing heart — An engine out of fuel. N Engl J Med
2007;356:1140-51.

Wallukat G. The beta-adrenergic receptors. Herz 2002;27:683-90.
Ungerer M, Béhm M, Elce JS, Erdmann E, Lohse MJ. Altered
expression of beta-adrenergic receptor kinase and beta 1-adrenergic
receptors in the failing human heart. Circulation 1993;87:454-63.
Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of the
cardiomyocyte during development, differentiation, and postnatal
maturation. J Cardiovasc Pharmacol 2010;56:130-40.
Rosenblatt-Velin N, Lerch R, Papageorgiou I, Montessuit C. Insulin
resistance in adult cardiomyocytes undergoing dedifferentiation: Role
of GLUT4 expression and translocation. FASEB J 2004;18:872-4.
Morisco C, Condorelli G, Trimarco V, Bellis A, Marrone C, Condorelli G,
et al. Akt mediates the cross-talk between beta-adrenergic and insulin
receptors in neonatal cardiomyocytes. Circ Res 2005;96:180-8.
Guinamard R, Rahmati M, Lenfant J, Bois P. Characterization of a
Ca2+ -activated nonselective cation channel during dedifferentiation
of cultured rat ventricular cardiomyocytes. J Membr Biol
2002;188:127-35.

Chen X, Piacentino V 3", Furukawa S, Goldman B, Margulies KB,
Houser SR, et al. L-type Ca2+ channel density and regulation are
altered in failing human ventricular myocytes and recover after support
with mechanical assist devices. Circ Res 2002;91:517-24.

Moreno JD, Clancy CE. Pathophysiology of the cardiac late Na current and
its potential as a drug target. J Mol Cell Cardiol 2012;52:608-19. Available
from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3816394/.

Despa S, Bers DM. Na+ transport in the normal and failing
heart-remember the balance. J Mol Cell Cardiol 2013;61:2-10.

Despa S, Islam MA, Weber CR, Pogwizd SM, Bers DM. Intracellular
Na(+) concentration is elevated in heart failure but Na/K pump function
is unchanged. Circulation 2002;105:2543-8.

Talchai C, Xuan S, Lin HV, Sussel L, Accili D. Pancreatic § cell
dedifferentiation as a mechanism of diabetic f§ cell failure. Cell
2012;150:1223-34.

Dor Y, Glaser B. B-cell dedifferentiation and type 2 diabetes. N Engl J
Med 2013;368:572-3.

Puri S, Hebrok M. Diabetic  cells: To be or not to be? Cell
2012;150:1103-4.

Weinberg N, Ouziel-Yahalom L, Knoller S, Efrat S, Dor Y. Lineage
tracing evidence for in vitro dedifferentiation but rare proliferation of
mouse pancreatic beta-cells. Diabetes 2007;56:1299-304.

Wang Z, York NW, Nichols CG, Remedi MS. Pancreatic 3 cell
dedifferentiation in diabetes and redifferentiation following insulin
therapy. Cell Metab 2014;19:872-82.

Cinti F, Bouchi R, Kim-Muller JY, Ohmura Y, Sandoval PR, Masini M,
et al. Evidence of B-cell dedifferentiation in human type 2 diabetes.
J Clin Endocrinol Metab 2016;101:1044-54.

Talior I, Yarkoni M, Bashan N, Eldar-Finkelman H. Increased

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

glucose uptake promotes oxidative stress and PKC-delta activation in
adipocytes of obese, insulin-resistant mice. Am J Physiol Endocrinol
Metab 2003;285:E295-302.

Dimitrakoudis D, Vranic M, Klip A. Effects of hyperglycemia
on glucose transporters of the muscle: Use of the renal glucose
reabsorption inhibitor phlorizin to control glycemia. ] Am Soc Nephrol
1992;3:1078-91.

Donath MY, Halban PA. Decreased beta-cell mass in diabetes:
Significance, mechanisms and therapeutic implications. Diabetologia
2004;47:581-9.

Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL, et al.
Mechanisms of pancreatic beta-cell death in type 1 and type 2 diabetes:
Many differences, few similarities. Diabetes 2005;54 Suppl 2:S97-107.
Egawa K, Nakashima N, Sharma PM, Maegawa H, Nagai Y,
Kashiwagi A, et al. Persistent activation of phosphatidylinositol
3-kinase causes insulin resistance due to accelerated insulin-induced
insulin receptor substrate-1 degradation in 3T3-L1 adipocytes.
Endocrinology 2000;141:1930-5.

BrunPJ, GrijalvaA, Rausch R, Watson E, Yuen JJ, Das BC, ez al. Retinoic
acid receptor signaling is required to maintain glucose-stimulated
insulin secretion and B-cell mass. FASEB J 2015;29:671-83.

Zeller WP, The SM, Sweet M, Goto M, Gottschalk ME, Hurley RM,
et al. Altered glucose transporter mRNA abundance in a rat model of
endotoxic shock. Biochem Biophys Res Commun 1991;176:535-40.
Fukuzumi M, Shinomiya H, Shimizu Y, Ohishi K, Utsumi S.
Endotoxin-induced enhancement of glucose influx into murine
peritoneal macrophages via GLUT1. Infect Immun 1996;64:108-12.
Alberts B, Johnson A, Lewis J, Morgan D, Raff M, Roberts K, et al.
Molecular Biology of the Cell. 6" ed. New York: Garland Science;
2015. p. 1114-5.

Isenovi¢ ER, Soskic¢ S, Trpkovi¢ A, Dobutovi¢ B, Popovi¢ M, Gluvi¢ Z,
et al. Insulin, thrombine, ERK1/2 kinase and vascular smooth muscle
cells proliferation. Curr Pharm Des 2010;16:3895-902.

Bayes-Genis A, Conover CA, Schwartz RS. The insulin-like growth
factor axis: A review of atherosclerosis and restenosis. Circ Res
2000;86:125-30.

Cercek B, Fishbein MC, Forrester JS, Helfant RH, Fagin JA. Induction
of insulin-like growth factor I messenger RNA in rat aorta after balloon
denudation. Circ Res 1990;66:1755-60.

Bornfeldt KE, Raines EW, Nakano T, Graves LM, Krebs EG, Ross R,
et al. Insulin-like growth factor-I and platelet-derived growth factor-BB
induce directed migration of human arterial smooth muscle cells via
signaling pathways that are distinct from those of proliferation. J Clin
Invest 1994;93:1266-74.

Harith HH, Di Bartolo BA, Cartland SP, Genner S, Kavurma MM.
Insulin promotes vascular smooth muscle cell proliferation and
apoptosis via differential regulation of tumor necrosis factor-related
apoptosis-inducing ligand. J Diabetes 2016;8:568-78.

NICE-SUGAR Study Investigators, Finfer S, Chittock DR, Su SY,
Blair D, Foster D, et al. Intensive versus conventional glucose control
in critically ill patients. N Engl J Med 2009;360:1283-97.

Schlondorff D. The glomerular mesangial cell: An expanding role for a
specialized pericyte. FASEB J 1987;1:272-81.

Schlondorff D. Roles of the mesangium in glomerular function. Kidney
Int 1996;49:1583-5.

Stockand JD, Sansom SC. Glomerular mesangial cells:
Electrophysiology and regulation of contraction. Physiol Rev
1998;78:723-44.

Kimura K, Nagai R, Sakai T, Aikawa M, Kuro-o M, Kobayashi N,
et al. Diversity and variability of smooth muscle phenotypes of renal
arterioles as revealed by myosin isoform expression. Kidney Int
1995;48:372-82.

Rinkevich Y, Montoro DT, Contreras-Trujillo H, Harari-Steinberg O,
Newman AM, Tsai JM, et al. In vivo clonal analysis reveals
lineage-restricted progenitor characteristics in mammalian kidney
development, maintenance, and regeneration. Cell Rep 2014;7:1270-83.
Jonas AJ, Lin SN, Conley SB, Schneider JA, Williams JC, Caprioli RC,
et al. Urine glyceraldehyde excretion is elevated in the renal Fanconi
syndrome. Kidney Int 1989;35:99-104.

Sayed-Ahmed MM, Hafez MM, Aldelemy ML, Aleisa AM,




170.

171.
172.
173.

174.

175.
176.

1717.

178.

179.

180.
181.
182.
183.
184.
185.

186.
187.

188.

189.

190.

191.

192.
193.

194.

Natesan: Warburg effect in various pathophysiological processes

Al-Rejaie SS, Al-Hosaini KA, ef al. Downregulation of oxidative and
nitrosative apoptotic signaling by L-carnitine in ifosfamide-induced
Fanconisyndrome ratmodel. Oxid Med Cell Longev2012;2012:696704.
Witzgall R. The proximal tubule phenotype and its disruption in acute
renal failure and polycystic kidney disease. Exp Nephrol 1999;7:15-9.
Rowe I, Chiaravalli M, Mannella V, Ulisse V, Quilici G, Pema M, et al.
Defective glucose metabolism in polycystic kidney disease identifies a
new therapeutic strategy. Nat Med 2013;19:488-93.

Mallipattu SK, He JC. The beneficial role of retinoids in glomerular
disease. Front Med 2015;2:16. Available from: http:/www.ncbi.nlm.
nih.gov/pmc/articles/PMC4370041/.

Boers JE, Ambergen AW, Thunnissen FB. Number and proliferation of
Clara cells in normal human airway epithelium. Am J Respir Crit Care
Med 1999;159:1585-91.

Fehrenbach H. Alveolar epithelial type I cell: Defender of the alveolus
revisited. Respir Res 2001;2:33-46.

Keshari RS, Silasi-Mansat R, Zhu H, Popescu NI, Peer G, Chaaban H,
et al. Acute lung injury and fibrosis in a baboon model of Escherichia
coli sepsis. Am J Respir Cell Mol Biol 2014;50:439-50.

Chen HI. Acute lung injury and acute respiratory distress syndrome:
Experimental and clinical investigations. J Geriatr Cardiol
2011;8:44-54.

Prakash S, Mehta S. Lactic acidosis in asthma: Report of two cases and
review of the literature. Can Respir J 2002;9:203-8.

Brown SD, Clark C, Gutierrez G. Pulmonary lactate release in patients
with sepsis and the adult respiratory distress syndrome. J Crit Care
1996;11:2-8.

Iscra F, Gullo A, Biolo G. Bench-to-bedside review: Lactate and the
lung. Crit Care 2002;6:327-9.

Meduri GU, Belenchia JM, Estes RJ, Wunderink RG, el Torky M,
Leeper KV Jr., et al. Fibroproliferative phase of ARDS. Clinical
findings and effects of corticosteroids. Chest 1991;100:943-52.

Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG,
Brumwell AN, et al. Alveolar epithelial cell mesenchymal transition
develops in vivo during pulmonary fibrosis and is regulated by the
extracellular matrix. Proc Natl Acad Sci U S A 2006;103:13180-5.
Stewart A. More muscle in asthma, but where did it come from? Am J
Respir Crit Care Med 2012;185:1035-7.

James AL, Elliot JG, Jones RL, Carroll ML, Mauad T, Bai TR, et al.
Airway smooth muscle hypertrophy and hyperplasia in asthma. Am J
Respir Crit Care Med 2012;185:1058-64.

Bentley JK, Hershenson MB. Airway smooth muscle growth in asthma:
Proliferation, hypertrophy, and migration. Proc Am Thorac Soc
2008;5:89-96.

Robbins RA, Jinkins PA, Bryan TW, Prado SC, Milligan SA.
Methotrexate inhibition of inducible nitric oxide synthase in murine
lung epithelial cells in vitro. Am J Respir Cell Mol Biol 1998;18:853-9.
Schouten M, Wiersinga WJ, Levi M, van der Poll T. Inflammation,
endothelium, and coagulation in sepsis. J Leukoc Biol 2008;83:536-45.
Levi M, Poll TV. Coagulation in patients with severe sepsis. Semin
Thromb Hemost 2015;41:9-15.

van der Flier M, van Leeuwen HJ, van Kessel KP, Kimpen JL,
Hoepelman Al, Geelen SP, ef al. Plasma vascular endothelial growth
factor in severe sepsis. Shock 2005;23:35-8.

Bogatkevich GS, Tourkina E, Silver RM, Ludwicka-Bradley A.
Thrombin differentiates normal lung fibroblasts to a myofibroblast
phenotype via the proteolytically activated receptor-1 and a protein
kinase C-dependent pathway. J Biol Chem 2001;276:45184-92.
Borissoff JI, Spronk HM, Heeneman S, ten Cate H. Is thrombin a
key player in the ‘coagulation-atherogenesis’ maze? Cardiovasc Res
2009;82:392-403.

Fager G. Thrombin and proliferation of vascular smooth muscle cells.
Circ Res 1995;77:645-50.

Au YP, Kenagy RD, Clowes MM, Clowes AW. Mechanisms of
inhibition by heparin of vascular smooth muscle cell proliferation and
migration. Pathophysiol Haemost Thromb 1993;23 Suppl 1:177-82.
Herman IM. Endothelial cell matrices modulate smooth muscle cell
growth, contractile phenotype and sensitivity to heparin. Haemostasis
1990;20 Suppl 1:166-77.

Guyton JR, Rosenberg RD, Clowes AW, Karnovsky MJ. Inhibition

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.
208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

of rat arterial smooth muscle cell proliferation by heparin. In vivo
studies with anticoagulant and nonanticoagulant heparin. Circ Res
1980;46:625-34.

Mason HR, Nowak RA, Morton CC, Castellot JJ Jr. Heparin inhibits
the motility and proliferation of human myometrial and leiomyoma
smooth muscle cells. Am J Pathol 2003;162:1895-904.

Castellot JJ Jr., Hoover RL, Harper PA, Karnovsky MJ. Heparin
and glomerular epithelial cell-secreted heparin-like species inhibit
mesangial-cell proliferation. Am J Pathol 1985;120:427-35.

Cornet AD, Smit EG, Beishuizen A, Groeneveld AB. The role of
heparin and allied compounds in the treatment of sepsis. Thromb
Haemost 2007;98:579-86.

Bordia AK. The effect of Vitamin C on blood lipids, fibrinolytic activity
and platelet adhesiveness in patients with coronary artery disease.
Atherosclerosis 1980;35:181-7.

Zouhal H, Jacob C, Delamarche P, Gratas-Delamarche A.
Catecholamines and the effects of exercise, training and gender. Sports
Med 2008;38:401-23.

Robergs RA, Ghiasvand F, Parker D. Biochemistry of exercise-induced
metabolic acidosis. Am J Physiol Regul Integr Comp Physiol
2004;287:R502-16.

Conrad KP, Joffe GM, Kruszyna H, Kruszyna R, Rochelle LG,
Smith RP, et al. Identification of increased nitric oxide biosynthesis
during pregnancy in rats. FASEB J 1993;7:566-71.

Sladek SM, Magness RR, Conrad KP. Nitric oxide and pregnancy. Am
J Physiol 1997;272:R441-63.

Jarvis SS, Shibata S, Bivens TB, Okada Y, Casey BM, Levine BD, et al.
Sympathetic activation during early pregnancy in humans. J Physiol
2012;590:3535-43.

Heidemann BH, McClure JH. Changes in maternal physiology during
pregnancy. BJA CEPD Rev 2003;3:65-8.

Krisher RL, Prather RS. A role for the Warburg effect in preimplantation
embryo development: Metabolic modification to support rapid cell
proliferation. Mol Reprod Dev 2012;79:311-20.

Paller MS. Mechanism of decreased pressor responsiveness to ANG 11,
NE, and vasopressin in pregnant rats. Am J Physiol 1984;247:H100-8.
Szent-Gyorgyi A. Bioenergetics. New York: Academic Press; 1957.
Wilson JX. Mechanism of action of Vitamin C in sepsis: Ascorbate
modulates redox signaling in endothelium. Biofactors 2009;35:5-13.
Rodemeister S, Biesalski HK. There’s life in the old dog yet:
Vitamin C as a therapeutic option in endothelial dysfunction. Crit
Care 2014;18:461. Available from: http://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4423636/.

Biesalski HK, McGregor GP. Antioxidant therapy in critical care —Is the
microcirculation the primary target? Crit Care Med 2007;35:S577-83.
Ulker S, McKeown PP, Bayraktutan U. Vitamins reverse endothelial
dysfunction through regulation of eNOS and NAD(P)H oxidase
activities. Hypertension 2003;41:534-9.

Hirashima O, Kawano H, Motoyama T, Hirai N, Ohgushi M,
Kugiyama K, et al. Improvement of endothelial function and
insulin sensitivity with Vitamin C in patients with coronary spastic
angina: Possible role of reactive oxygen species. J Am Coll Cardiol
2000;35:1860-6.

Vissers MC, Gunningham SP, Morrison MJ, Dachs GU, Currie MJ.
Modulation of hypoxia-inducible factor-1 alpha in cultured primary
cells by intracellular ascorbate. Free Radic Biol Med 2007;42:765-72.
Carcamo JM, Pedraza A, Borquez-Ojeda O, Golde DW. Vitamin C
suppresses TNF alpha-induced NF kappa B activation by inhibiting I
kappa B alpha phosphorylation. Biochemistry 2002;41:12995-3002.
Huang A, Vita JA, Venema RC, Keaney JF Jr. Ascorbic acid enhances
endothelial nitric-oxide synthase activity by increasing intracellular
tetrahydrobiopterin. J Biol Chem 2000;275:17399-406.

Wu F, Wilson JX, Tyml K. Ascorbate inhibits iNOS expression and
preserves vasoconstrictor responsiveness in skeletal muscle of septic
mice. Am J Physiol Regul Integr Comp Physiol 2003;285:R50-6.
Pleiner J, Mittermayer F, Schaller G, Marsik C, MacAllister RJ,
Wolzt M, et al. Inflammation-induced vasoconstrictor hyporeactivity is
caused by oxidative stress. J Am Coll Cardiol 2003;42:1656-62.

Chou TC, Yang SP, Pei D. Amlodipine inhibits pro-inflammatory
cytokines and free radical production and inducible nitric oxide synthase

International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018 -




219.

220.

221.

222.

223.

.International Journal of Clinical and Experimental Physiology | Volume 5 | Issue | | January-March 2018

Natesan: Warburg effect in various pathophysiological processes

expression in lipopolysaccharide/interferon-gamma-stimulated cultured
vascular smooth muscle cells. Jpn J Pharmacol 2002;89:157-63.
Chiou WF, Lin JJ, Chen CF. Andrographolide suppresses the expression
of inducible nitric oxide synthase in macrophage and restores the
vasoconstriction in rat aorta treated with lipopolysaccharide. Br J
Pharmacol 1998;125:327-34.

Chung H, Dai T, Sharma SK, Huang YY, Carroll JD, Hamblin MR,
et al. The nuts and bolts of low-level laser (light) therapy. Ann Biomed
Eng 2012;40:516-33.

Wong-Riley MT, Liang HL, Eells JT, Chance B, Henry MM,
Buchmann E, et al. Photobiomodulation directly benefits primary
neurons functionally inactivated by toxins: Role of cytochrome c
oxidase. J Biol Chem 2005;280:4761-71.

Morales DR, Morris AD. Metformin in cancer treatment and prevention.
Annu Rev Med 2015;66:17-29.

Tsoyi K, Jang HJ, Nizamutdinova IT, Kim YM, Lee YS, Kim HJ, et al.
Metformin inhibits HMGBI release in LPS-treated RAW 264.7 cells
and increases survival rate of endotoxaemic mice. Br J Pharmacol
2011;162:1498-508.

224.

225.

226.

227.

228.

229.

Atamna H, Kumar R. Protective role of methylene blue in Alzheimer’s
disease via mitochondria and cytochrome ¢ oxidase. J Alzheimers Dis
2010520 Suppl 2:S439-52.

Donati A, Conti G, Loggi S, Miinch C, Coltrinari R, Pelaia P, ez al. Does
methylene blue administration to septic shock patients affect vascular
permeability and blood volume? Crit Care Med 2002;30:2271-7.
Kwok ES, Howes D. Use of methylene blue in sepsis: A systematic
review. J Intensive Care Med 2006;21:359-63.

Bivalacqua TJ, Sussan TE, Gebska MA, Strong TD, Berkowitz DE,
Biswal S, et al. Sildenafil inhibits superoxide formation and prevents
endothelial dysfunction in a mouse model of secondhand smoke
induced erectile dysfunction. J Urol 2009;181:899-906.

Clementi E, Brown GC, Feelisch M, Moncada S. Persistent inhibition
of cell respiration by nitric oxide: Crucial role of S-nitrosylation of
mitochondrial complex I and protective action of glutathione. Proc Natl
Acad Sci U S A 1998;95:7631-6.

Meister A. Glutathione-ascorbic acid antioxidant system in animals.
J Biol Chem 1994;269:9397-400.




