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Diisopropylamine Dichloroacetate, a Novel Pyruvate
Dehydrogenase Kinase 4 Inhibitor, as a Potential
Therapeutic Agent for Metabolic Disorders and
Multiorgan Failure in Severe Influenza
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Abstract

hyperpermeability. In the regulation of energy homeostasis, the pyruvate dehydrogenase (PDH) complex plays an important
role by catalyzing oxidative decarboxylation of pyruvate, linking glycolysis to the tricarboxylic acid cycle and fatty acid
synthesis, and thus its activity is linked to energy homeostasis. The present study tested the effects of diisopropylamine
dichloroacetate (DADA), a new PDH kinase 4 (PDK4) inhibitor, in mice with severe influenza. Infection of mice with influenza

PDK4 in the skeletal muscles, heart, liver and lungs. Oral administration of DADA at 12-h intervals for 14 days starting

glucose and lipid metabolism in the blood, together with marked improvement of survival and suppression of cytokine
storm, trypsin up-regulation and viral replication. These results indicate that through PDK4 inhibition, DADA effectively
suppresses the host metabolic disorder-cytokine cycle, which is closely linked to the influenza virus-cytokine-trypsin cycle,
resulting in prevention of multiorgan failure in severe influenza.
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Severe influenza is characterized by cytokine storm and multiorgan failure with metabolic energy disorders and vascular

A PR/8/34(H1N1) virus resulted in marked down-regulation of PDH activity and ATP level, with selective up-regulation of

immediately after infection significantly restored PDH activity and ATP level in various organs, and ameliorated disorders of
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Introduction
) of MOF by IAV remain poorly understood.
Influenza A virus (IAV) is the most common infectious pathogen

ability. To date, the pathogenesis and treatment target molecules

in humans and causes significant morbidity and mortality,
particularly in infants and elderly population [1,2]. Multiorgan
failure (MOF) with severe edema is reported in the progressive
stage of seasonal influenza virus pneumonia and influenza-
associated encephalopathy, particularly in patients with underlying
risk factors [3-3] and is common in the highly pathogenic avian
TAV infection [6]. The antiviral neuraminidase inhibitors are used
for treatment in the initial stage of IAV infection and a 5-day
course of these compounds is recommended for individuals with
flu symptoms of not more than 2 days. A proportion of individuals
with progressive symptoms after the initial stage of infection
develop MOF with metabolic disorders and vascular hyperperme-

PLOS ONE | www.plosone.org

We reported previously that the influenza virus—cytokine—
trypsin cycle is one of the main underlying mechanisms of vascular
hyperpermeability and MOF in severe influenza [7]. Severe
influenza causes marked increases in the levels of proinflammatory
cytokines, such as tumor necrosis factor (I'NF)-a, interleukin (IL)-
6, and IL-1P, coined the cytokine storm. These cytokines alter the
cellular redox state through their receptors and reduce the
expression of four complex I subunits, oxygen consumption [8,9]
and ATP synthesis in mitochondria, as well as increase mitochon-
drial Oy~ production and intracellular calcium concentration
[Ca®]; [10]. ATP depletion dissociates zonula occludens-1,
intracellular tight junction component, from the actin cytoskeleton
and increases junctional permeability [11]. These cytokines also
upregulate trypsin, which mediates the post-translational proteo-
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lytic cleavage of viral envelope hemagglutinin and is crucial for
viral entry and replication cycle [12], in various organs and
endothelial cells. Trypsin also increases [Ca®"); and enhances loss
of zonula occludens-1 in cells via the protease-activated receptor
(PAR)-2 (7,13,14]. In addition, we reported recently that
metabolic disorders and energy crisis in brain endothelial cells
by IAV infection are the main mechanisms of influenza-associated
encephalopathy, which is characterized in infancy and early
childhood in East Asian countries by persistently high fever and
severe brain edema [5,15,16]. Patients with influenza-associated
encephalopathy exhibit thermal instability of compound variants
for [1055T>G/F352C] and [1102G>A/V368I] of carnitine
palmitoyltransferase II (CPT 1I), resulting in secondary CPT I
deficiency and mitochondrial energy crisis through disorders of
long-chain fatty acid metabolism during hyperpyrexia. These
findings indicate that MOF is the final outcome of metabolic and
mitochondrial fuel disorders in severe influenza, although the
precise signaling pathways involved in these disorders are still
unknown.

The mitochondrial pyruvate dehydrogenase (PDH) complex
(PDC) catalyzes the oxidative decarboxylation of pyruvate, linking
glycolysis to the energetic and anabolic functions of the
tricarboxylic acid cycle and fatty acid synthesis via acetyl-CoA.
Therefore, PDC is a key enzyme for regulation of whole body
glucose, lipid, lactate and ATP homeostasis. PDC is a structurally
complex enzyme of three components [PDH (E1), dihydrolipoa-,
mide acetyltransferase (E2), and dihydrolipoamide dehydrogenase
(E3)] with two specific regulatory enzymes, pyruvate dehydroge-
nase kinases (PDKs) 1-4 for phosphorylation (inactivation) of the
o-subunit of PDH and pyruvate dehydrogenase phosphate
phosphatases (PDPs) 1 and 2, for dephosphorylation (activation,
reactivation) of the a-subunit of PDH [17,18]. Expression of PDKs
is linked to homeostasis of glucose, lipid, lactate, ATP, cytokines,
and hormone levels in various diseases and suppressively regulates
PDH activity [17-20].

In the present study, we describe selective and marked up-

regulation of PDK4, an isoform of PDK, together with down-

regulation of PDH activity and ATP levels in the skeletal muscles,
heart, liver and lungs, but not the brain, in mice with the
progressive stage of severe influenza and cytokine storm condi-
tions. The results also showed that diisopropylamine dichloroace-
tate (DADA), which is the active component of pangamic acid [21]
and commercially available as a Liverall (Daiichi Sankyo Co.,
Tokyo, Japan) for over 50 years for the treatment of chronic liver
diseases, is a safe inhibitor of PDK4. DADA selectively and
effectively inhibited PDK4, resulting in significant restoration of
PDH activity as well as various metabolic disorders, such as ATP
levels in various organs, and improved glucose, lactate and p-
hydroxybutyric acid levels in the blood. Amelioration of PDH
suppression in the infected mice by DADA was associated with
significant vital improvements, such as restoration of energy
metabolism, suppression of cytokine storm and viral proliferation,
with marked improvement of survival.

Methods

Reagents

DADA was obtained from Daiichi Sankyo Healthcare Co.
(Tokyo). Sodium DCA was purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Animals and virus

All animals were treated according to the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23,

PLOS ONE | www.plosone.org
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1996), and the study was approved by the Animals Care
Committee of the University of Tokushima. Specified pathogen-
free 4-week-old weanling C57BL/6CrSlc (B6) female mice were
obtained from Japan SLC and maintained at 12-h light/dark cycle
in a temperature-controlled room with free access to food and
water. IAV/PR/8/34(HIN1) was kindly provided by The
Research Foundation for Microbial Diseases of Osaka University
(Kagawa, Japan). Under ketamine and xylazine anesthesia, 60,
120 and 200 plaque-forming units (pfu) of IAV/PR/8/34(H1N1)
in 15 pl of saline or saline alone as non-infected control was
nstilled intranasally in mice. Mice were treated orally with
DADA, a PDK inhibitor, starting immediately after infection at
50 mg/kg at 12-h intervals for 14 days in 100 pL sterilized 0.5%
methylcellulose 400 (MC) solution mixed with calcium gluconate,
a food additive, in commercially available medicine format at
4.68 mg/ml. The dose of DADA was adjusted to yield daily
molar doses similar to the range of DCA used clinically (clinical
doses, 25-100 mg/kg/day [22,23]). Positive control mice were
treated with intraperitoneal injection of 100 pL of DCA at 28 mg/
kg, an equivalent molar dose to DADA, at 12-h intervals daily.
Mice were monitored daily for body weight and food and water
intake and assessed visually for signs of clinical diseases including
inactivity, ruffled fur, labored respiration and huddling behavior.
Mice that lost =30% of their original body weight and/or
displayed evidence of pneumonia were euthanized by overdose of
intraperitoneal injection of ketamine and xylazine.

Blood glucose, lactate, free fatty acids and B-
hydroxybutyric acid assays

Whole blood levels of glucose, lactate, and B-hydroxybutyric
acid were measured according to the protocols recommended by
Medisafe-Mini GR-102 (Terumo, Japan), Lactate-Pro LT-1710
(Arkray, Japan) and Precision Xceed (Abbot, Japan) hand-held
meter, respectively. Serum levels of free fatty acids were measured
according to the protocols provided with the Free Fatty Acid
Quantification Kit (Abcam, Japan).

Blood and tissues ATP assays

Tissue ATP levels were measured by the firefly bioluminescencé
assay kit with an improved phenol-based ATP extraction reagent
[24] (AMERIC-ATP (T) kit; Wako Pure Chemical Industries)
according to the protocol supplied by the manufacturer. Freshly
prepared brain, heart, lungs, liver and skeletal muscle (gastrocne-
mius muscle) tissues were homogenized immediately with 3.0 mL
of ice-cold phenol-based ATP extraction reagent by Ultra-Turrax
(Ika Japan, Nara, Japan). The tissue ATP levels were normalized
against wet-tissue weight. Blood ATP levels were also measured by
AMERIC-ATP kit for blood and cells using the procedure
described previously [25].

ICso analysis )

The half maximal inhibitory concentrations (ICso) of DADA
and DCA against human PDK2 and PDK4 recombinant proteins
expressed baculovirus system were measured by the method of off-
chip mobility shift assay using a panel of human recombinant
active kinases [26] from Carna Biosciences, Inc. (Kobe, Japan).

PDH activity

PDH activity was measured in the brain, heart, lungs, skeletal
muscles, and liver by the PDH Enzyme Activity Microplate Assay
Kit (MSP18) (MitoSciences, Eugene, OR). The PDH was
immunocaptured within the microplate and activity was deter-
mined by following the reduction of NAD* to NADH, coupled to
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