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ABSTRACT

Aims: Pyruvate dehydrogenase (PDH) catalyzes the decarboxylation of pyruvate to acetyl-CoA, which plays a key
role in linking cytosolic glycolysis to mitochondria metabolism. PDH is physiologically inactivated by pyruvate
dehydrogenase kinases (PDKs). Thus, activation of PDH via inhibiting PDK may lead to metabolic benefits. In the
present study, we investigated the antidiabetic effect of PDK inhibition using dichloroacetate (DCA), a PDK
inhibitor.

Main methods: We evaluated the effect of single dose of DCA on plasma metabolic parameters in normal rats. Next,
we investigated the antidiabetic effect of DCA in diabetic ob/ob mice. In addition, we performed in vitro assays to
understand the effect and mechanism of action of DCA on gluconeogenesis in mouse myoblast cell line C2C12 and
rat hepatoma cell line FaO.

Key findings: In normal rats, a single dose of DCA decreased the plasma level of pyruvate, the product of glycolysis,
and the plasma glucose level only in the fasting state. Meanwhile, a single dose of DCA lowered the plasma
glucose level, and a three-week treatment decreased the fructosamine level in diabetic ob/ob mice. In vitro ex-
periments demonstrated concentration-dependent suppression of lactate production in C2C12 myotubes. In
addition, DCA suppressed glucose production from pyruvate and lactate in FaO hepatoma cells. Thus, DCA-
mediated restricted supply of gluconeogenic substrates from the muscle to liver, and direct suppression of he-
patic gluconeogenesis might have contributed to its glucose-lowering effect in the current models.

Significance: PDK inhibitor may be considered as a potential antidiabetic agent harboring inhibitory effect on
gluconeogenesis.

1. Introduction

gluconeogenesis [5]. There are four isozymes of PDK known in humans,
PDK1-4 [6]. The PDKs exhibit unique tissue expression patterns, kinetic

Type 2 diabetes mellitus is a metabolic disorder characterized by
chronic hyperglycemia. Impaired glucose homeostasis is one of the risk
factors associated with type 2 diabetes. Pyruvate dehydrogenase (PDH)
plays a pivotal role in glucose homeostasis, and catalyzes the physio-
logically irreversible conversion of pyruvate to acetyl-CoA [1, 2]. Pyru-
vate dehydrogenase kinases (PDKs) physiologically regulate the activities
of the mammalian PDH [3, 4]. PDK-mediated phosphorylation of PDH
leads to decrease in its enzymatic activity and thereby triggers cellular
metabolic adaptation in response to nutrient status [3, 4]. In the fed state,
PDH is activated to generate energy or to convert glucose into lipids. In
the fasted state, PDH is inactivated, then fatty acids are favored as an
energy source over glucose, resulting in conservation of gluconeogenic
substrates that contribute to maintenance of blood glucose level via
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properties, and sensitivities to regulatory molecules [7]. The expression
levels of PDK2 and PDK4 are uniquely regulated by nutritional factors
and hormones [8, 9], and up-regulated in the fasted or diabetic state in
rodents and humans [10, 11, 12]. In addition, genetic inactivation of the
PDK4 gene in the liver improved hyperglycemia, glucose tolerance, and
insulin resistance in diabetic mice [13, 14]. Considering these results,
activation of PDH by inhibiting PDK has been proposed as a novel ther-
apy of interest for metabolic diseases including diabetes [15].
Dichloroacetate (DCA) is a non-selective PDK inhibitor, and has
already been used clinically for more than 30 years for congenital lactic
acidosis [16, 17]. Lately, there has been a rising interest in the anticancer
properties of DCA due to the drug's ability to shift metabolism from
glycolysis to oxidative phosphorylation [18]. Studies have reported
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anti-hyperglycemic effect of short-term treatment with DCA in animals
and patients with diabetes [19, 20]. However, antidiabetic effect of
long-term treatment with PDK inhibitors has not been well established.
Therefore, in the present study, we examined the antidiabetic effect of
DCA using rodent models. We compared the effect of DCA on plasma
glucose level in the fed and the fasted state of normal rats. Moreover, we
investigated the effect of 3-week treatment with DCA in diabetic ob/ob
mice. Additionally, we studied the effects of DCA on gluconeogenesis
using skeletal myotubes and hepatocytes. Unfortunately, clinical trans-
lation of DCA is unlikely because DCA causes a peripheral neuropathy
[21]. In this study, we used DCA as a tool to evaluate the antidiabetic
effect of PDK inhibition.

2. Materials and methods
2.1. Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise indicated. Sodium dichloroacetate (DCA) was
purchased from Alfa Aesar (Haverhill, MA, USA). It was dissolved in the
assay buffer for in vitro studies and in 0.5% (w/v) methylcellulose (MC,
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) solution for
in vivo studies.

2.2. Animals

Seven-week-old male Sprague-Dawley (SD) rats were purchased from
CLEA Japan, Inc. (Tokyo, Japan). Seven-week-old Male Lep”b/Lep”b (ob/
ob; B6.Cg- Lep®®/J), a mouse model of type 2 diabetes, and their non-
diabetic untyped littermates as controls (?/+; B6.Cg - Lep®/J, ?/+
means -+/+ or Lep®/+) were purchased from Charles River Laboratories
Japan, Inc. (Yokohama, Japan). All animals were housed in a room with
controlled temperature (23 °C), humidity (55%), and lighting for 12 h
(7:00 a.m. to 7:00 p.m.). All animals had free access to a standard labo-
ratory chow diet (CE-2, CLEA Japan) and tap water. All animal experi-
ments were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and were
approved by the Experimental Animal Care and Use Committee of
Takeda Pharmaceutical Company Limited (Osaka, Japan).

2.3. Single dose study in SD rats

DCA (100 mg/kg) or vehicle was administered to eight-week-old
male SD rats (n = 5) by gavage in the fed and overnight fasted state.
The treatment dosage was determined based on a previous report [22].
After administration of DCA in the fed state, the rats were not allowed to
consume food. Blood was collected from the tail vein at pre, 0.5, 1, 2, 4,
and 8 h after dosing.

2.4. Single dose study in diabetic ob/ob mice

Sixteen-week-old male ob/ob mice were divided in to two groups (n =
5-6) based on their blood glucose levels. DCA (100 mg/kg/day) or
vehicle was administered to the mice by gavage. The treatment dosage
was determined based on a previous report [23]. Blood was collected
from the tail vein at pre, 0.5, 1, 2, 4, and 7 h after dosing.

2.5. Three-week treatment in diabetic ob/ob mice

Nine-week-old male ob/ob mice were divided into two groups (n =
7-8) based on their glycosylated hemoglobin and plasma glucose levels,
and body weight. Their lean non-diabetic littermates were used as con-
trols (n = 5). DCA (100 mg/kg/day) or vehicle was administered once
daily to the mice by gavage for 3 weeks. The day of first dosing was
designated as day 0. Blood samples were collected on day 13 and day 20
to estimate blood metabolic parameters. Body weight and food intake

Heliyon 8 (2022) e08889

were measured after every 3-4 days throughout the study period. Food
intake was measured on a per-cage basis.

2.6. Measurement of blood metabolic parameters

Plasma levels of glucose, lactate, total ketone bodies (T-KB), and
fructosamine were measured by standard enzymatic procedures using an
automatic biochemistry analyzer (7180 Clinical Analyzer, Hitachi Ltd.,
Tokyo, Japan). Plasma pyruvate level was measured by the Determiner
PA kit (Kyowa Medex Co. Ltd., Tokyo, Japan). Rat and mouse plasma
insulin levels were determined by a Rat insulin radioimmunoassay kit
(catalog No. SRI-13K, EMD Millipore, Burlington, MA, USA) and an Ultra
Sensitive Mouse Insulin ELISA Kit (catalog No. M1104, Morinaga Insti-
tute of Biological Science, Inc., Yokohama, Japan), respectively. Rat
plasma insulin levels below the detection limit (0.0329 ng/mL) were
identified as 0.0329 ng/mL. Blood glucose concentration was measured
by a blood glucose meter (Accu-Chek Active, Roche Diagnostics K.K.,
Tokyo, Japan). Glycosylated hemoglobin level was analyzed using an
automated glycohemoglobin analyzer (HLC-723 GHb GV, Tosoh Corpo-
ration, Tokyo, Japan).

2.7. Cell culture

The mouse myoblast cell line C2C12 was purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA), and were grown in
Dulbecco's modified Eagle growth medium (DMEM, catalog No.
043-30085, FUJIFILM Wako Pure Chemical Corporation) containing 4.5
g/L glucose, 10% (v/v) fetal bovine serum, penicillin (50 units/mL), and
streptomycin (50 pg/mL) at 37 °C in a 95% humidified air/5% CO, at-
mosphere. Cells were seeded in collagen I-coated 96-well plates and
incubated in the growth medium until confluent. Then the medium was
replaced with the differentiation medium, DMEM containing 2% (v/v)
horse serum, and incubated up to 8 days to promote fusion into myo-
tubes. The medium was changed every 2-3 days. Myotubes were treated
with various concentrations of DCA, 10 mmol/L metformin [24], or 100
nmol/L insulin in Krebs Ringer Henseleit buffer containing 0.2% (v/v)
bovine serum albumin (BSA), and 5 mmol/L glucose for 4 h for lactate
production. Lactate concentration in the supernatant was determined
with the Determiner LA kit (Kyowa Medex). To measure mitochondrial
activity, the cells were incubated in the assay buffer containing redox--
sensitive reagent, resazurin (alamarBlue, catalog No. DAL1100, Thermo
Fisher Scientific) for 2.5 h. The rat hepatoma cell line FaO was purchased
from the European Collection of Authenticated Cell Cultures (Salisbury,
UK), and were grown in RPMI 1640 (catalog No. 11875093, Thermo
Fisher Scientific) containing 10% (v/v) FBS, penicillin (50 units/mL),
and streptomycin (50 pg/mL) at 37 °C in a 95% humidified air/5% CO4
atmosphere. Then, 5 x 10* cells/well were seeded in collagen I-coated
96-well plate and incubated for 24 h. The medium was replaced with
serum-free RPMI 1640 medium, and then incubated for 18 h. Cells were
treated with various concentrations of DCA or 100 nmol/L insulin in
glucose-free DMEM (catalog No. D5030-1L, Sigma-Aldrich) containing
0.2% (v/v) BSA, 2.5 mmol/L sodium lactate, and 0.25 mmol/L sodium
pyruvate for 4 h. Glucose concentration in the supernatant was deter-
mined with the Amplex Red Glucose/Glucose Oxidase Assay Kit (catalog
No. A22189, Thermo Fisher Scientific). T-KB concentration in the su-
pernatant was measured by standard enzymatic procedure using 7180
Clinical Analyzer.

2.8. Statistical analysis

Statistical significance was first determined using the Bartlett's test of
homogeneity of variances, followed by the Williams' test (p > 0.05) or
Shirley-Williams test (p < 0.05) for dose-dependent studies. Alterna-
tively, statistical significance between two groups was analyzed using the
F-test for homogeneity of variances, followed by the Student's t-test (p >
0.2) or Aspin-Welch test (p < 0.2). All tests were conducted using a two-
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tailed significance level of 5% (0.05). All data are presented as mean +
standard deviation (S.D.).

3. Results

3.1. Single dose of DCA decreased plasma glucose level in the fasted state
of normal rats

PDK inhibition promotes PDH activation, which catalyzes an irre-
versible decarboxylation of pyruvate to acetyl-CoA. To investigate the
effect of PDK inhibition, DCA, a PDK inhibitor, was administered to
normal rats by gavage, and plasma parameters were measured. In the fed
state, single dose of DCA did not affect plasma glucose, pyruvate and
lactate levels compared with the vehicle (Figure 1A, B, C). DCA increased
plasma T-KB level, which is synthesized from acetyl-CoA, compared with
the vehicle (Figure 1D). However, DCA did not affect plasma insulin level
(Figure 1E). In contrast to the fed state, single dose of DCA decreased
plasma glucose level in the fasted state (Figure 2A). As expected, DCA
decreased plasma level of pyruvate, which is a substrate of PDH
(Figure 2B). Similar to the fed state, DCA increased T-KB level in the
fasted state (Figure 2D). Moreover, DCA administration did not result in
change in fasted plasma insulin level (Figure 2E).

3.2. Antidiabetic effect of DCA in diabetic ob/ob mice

To investigate the antidiabetic effect of PDK inhibitor, we evaluated
the effect of single dose of DCA on plasma glucose level in ob/ob mice, a
type 2 diabetes mouse model. The average blood glucose levels of mice in
the morning at the time of their allocation to separate groups were 251 +
43 mg/dL for DCA group and 253 + 125 mg/dL for vehicle group. DCA
significantly decreased plasma glucose level in diabetic ob/ob mice under
the fed state (Figure 3). Next, we examined the antidiabetic effect of 3-
week treatment with DCA in ob/ob mice and observed significant
reduction in plasma glucose level in DCA-treated mice compared with
vehicle-treated ob/ob mice (Figure 4A). Plasma level of fructosamine, an
indicator of long-term glycemic control [25], was also decreased after
DCA treatment (Figure 4B), while plasma insulin level was not affected

A Change in plasma glucose AUCo-8h B

Heliyon 8 (2022) e08889

during the treatment (Figure 4C). Body weight and food intake were not
changed after DCA administration during the study period (Figure 4D, E).

3.3. DCA suppressed lactate production in myotubes and decreased glucose
production in hepatocytes

Based on the results of animal studies, we believed that the antidia-
betic effect of PDK inhibitor might be due to suppression of hepatic
gluconeogenesis. Therefore, we examined the effect of PDK inhibition in
C2C12 myotubes and FaO hepatoma cells. C2C12 myotubes were incu-
bated in a medium containing glucose for 4 h. We observed that DCA
suppressed, whereas metformin and insulin increased the production of
lactate, one of the main gluconeogenic substrates, in C2C12 myotubes
compared with the control (Figure 5A). Concurrently, DCA increased,
whereas metformin and insulin did not affect mitochondrial activity in
C2C12 myotubes (Figure 5B). Suppression of lactate production and in-
crease in mitochondrial activity are attributable to PDH activation. In
another experiment, FaO hepatoma cells were incubated in glucose-free
DMEM supplemented with gluconeogenic substrates such as lactate and
pyruvate for 4 h. DCA suppressed glucose production and increased T-KB
production, which is synthesized from acetyl-CoA (Figure 6A, B). How-
ever, insulin suppressed glucose production without leading increase in
T-KB production (Figure 6A, B).

4. Discussion

PDH plays a pivotal role in glucose homeostasis via catalyzing the
physiologically irreversible conversion of pyruvate to acetyl-CoA. PDK
inactivates PDH through phosphorylation, thereby downregulating this
pathway. In the present study, we evaluated antidiabetic effect of PDK
inhibition using DCA, a PDK inhibitor, in rodents. Single dose of DCA
decreased plasma glucose level in the diabetic as well as the fasted state.
Moreover, three-week treatment of DCA reduced the plasma level of
fructosamine, an indicator of long-term glycemic control, in diabetic ob/
ob mice. Additionally, DCA suppressed the production of lactate, one of
the major gluconeogenesis substrates, in C2C12 myotubes and sup-
pressed glucose production in FaO hepatoma cells.
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Figure 1. Effect of single dose of DCA on plasma metabolic parameters in the fed state of normal rats. Single dose of DCA (100 mg/kg) was administered to normal
rats by gavage in the fed state. The values represent changes from baseline. (A) Glucose (Baseline values were 147 + 5 mg/dL in DCA group and 149 + 6 mg/dL in
vehicle group), (B) pyruvate (0.577 + 0.156 mg/dL in DCA group and 0.523 =+ 0.138 mg/dL in vehicle group), (C) lactate (30.1 + 7.6 mg/dL in DCA group and 28.1 +
4.9 mg/dL in vehicle group), (D) T-KB (194 + 15 pmol/L in DCA group and 199 + 28 ymol/L in vehicle group), and (E) insulin (1.46 + 0.19 ng/mL in DCA group and
1.68 + 0.42 ng/mL in vehicle group) levels in plasma were measured for 8 h after administration. DCA, dichloroacetate; AUCy_g 1, area under the concentration time
curve from O to 8 h; T-KB, total ketone bodies. The values are expressed as mean + standard deviation (S.D.) (n = 5). *p < 0.05 vs vehicle-treated group by Student's

t-test.
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Figure 2. Effect of single dose of DCA on plasma metabolic parameters in the fasted state of normal rats. Single dose of DCA (100 mg/kg) was administered to normal
rats by gavage in the fasted state. The values represent changes from baseline. (A) Glucose (Baseline values were 85 + 7 mg/dL in DCA group and 82 + 4 mg/dL in
vehicle group), (B) pyruvate (0.775 + 0.178 mg/dL in DCA group and 0.571 + 0.130 mg/dL in vehicle group), (C) lactate (27.2 + 6.1 mg/dL in DCA group and 23.1 +
2.0 mg/dL in vehicle group), (D) T-KB (2200 + 379 pmol/L in DCA group and 2197 =+ 420 pmol/L in vehicle group), and (E) insulin (0.0688 + 0.0334 ng/mL in DCA
group and 0.0859 + 0.0726 ng/mL in vehicle group) levels in plasma were measured for 8 h after administration. DCA, dichloroacetate; AUCy_g 1, area under the
concentration time curve from O to 8 h; T-KB, total ketone bodies. The values are expressed as mean + S.D. (n = 5). *p < 0.05, **p < 0.01 vs vehicle-treated group by

Student's t-test.
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Three-week treatment of DCA lowered plasma glucose level and
plasma fructosamine level in diabetic ob/ob mice. It has been reported
that the expression levels of PDK2 and PDK4 were increased in the
skeletal muscle and liver in diabetic rats [10]. Moreover, the expression
level of PDK4 is increased in skeletal muscle in the patients with type 2
diabetes [11, 26]. Based on these findings, it can be suggested that a
significant correlation exists between increased PDK expression and hy-
perglycemia, and inhibition of this enzyme by DCA might have contrib-
uted to a glucose-lowering effect in the current models. Moreover, DCA
lowered plasma fructosamine level without increasing insulin level in
ob/ob mice. Additionally, single dose of DCA did not increase plasma
insulin level in normal rats. Hence, the antidiabetic effect of PDK inhi-
bition is likely to be independent of insulin secretion. It has been reported
that DCA lowered plasma glucose level in type 1 diabetic animal models,
such as alloxan-diabetic dogs and STZ-diabetic rats [19, 27]. Thus, PDK
inhibition may be a potential therapeutic strategy for not only type 2
diabetes but also insulin-deficient type 1 diabetes.

In normal rats, single dose of DCA decreased plasma level of pyruvate,
the substrate of PDH, and simultaneously increased plasma T-KB level in

the fasted state. These findings are suggestive of activation of PDH by
DCA, thereby upregulating the pathway of conversion of pyruvate to
acetyl-CoA in the current model. Furthermore, DCA lowered plasma
glucose level only in the fasted state in normal rats. Induction of PDK2
and PDK4 have been reported in rat liver under starvation [12]. Our
observation was consistent with a previous study that showed that PDK4
knockout mice showed lower plasma glucose level only in the fasted state
but not in the fed state [28].

The results of in vivo studies indicate that antidiabetic effect of DCA
might be attributable to suppression of hepatic gluconeogenesis. The
liver and skeletal muscle are likely to play important roles in gluconeo-
genesis by PDK inhibition as the expression levels of PDKs in these tissues
are regulated by diabetes or starvation [10, 12]. Therefore, we examined
the effect of PDK inhibition in FaO hepatoma cells and C2C12 myotubes.
DCA decreased glucose production from pyruvate and lactate in FaO
hepatoma cells in a concentration-dependent manner, indicating direct
role of DCA in the suppression of hepatic gluconeogenesis.

Pyruvate is the end-product of glycolysis, and its ultimate metabolic
fate is determined by the balance between PDH and pyruvate carboxylase
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Figure 4. Antidiabetic effect of 3-week treatment with DCA in ob/ob mice. DCA (100 mg/kg/day) was administered for 3 weeks in diabetic ob/ob mice by gavage. (A)
Glucose and (C) insulin levels in the plasma were measured before the study and on days 13 and 20. (B) Plasma fructosamine level was measured on day 20. (D) Body
weight and (E) food intake were monitored during the 3-week treatment. Veh, vehicle; DCA, dichloroacetate; ?/-+, lean non-diabetic littermates of ob/ob mice. The
values are expressed as mean + S.D. (n = 5-8). *p < 0.05, **p < 0.01 vs vehicle-treated ob/ob mice by Student's t-test.
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Figure 5. Effect of DCA on lactate production and
mitochondrial activity in C2C12 myotubes. C2C12
myotubes were incubated with indicated concentra-
tions of dichloroacetate (DCA), 10 mmol/L metformin
(Met), or 100 nmol/L insulin (Ins) for 4 h. (A) Lactate
concentration in the supernatant was measured at 4 h.
(B) Mitochondrial activity was measured by resazurin
at 2.5 h. The values are expressed as mean + S.D. (n =
4). Tp < 0.05 vs control by Williams' test, **p < 0.01
vs control by Student's t-test.
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(PC) activity in the liver [1]. Activation of PDH increases pyruvate flux to
acetyl-CoA, which is further metabolized in the mitochondria. Stimula-
tion of PC increases pyruvate flux to oxaloacetate, which is critical to
augment gluconeogenesis. Thus, activation of PDH via PDK inhibition is
thought to reduce pyruvate flux to oxaloacetate, thereby directly sup-
press hepatic gluconeogenesis. Moreover, DCA increased T-KB produc-
tion in FaO hepatoma cells, which is synthesized from acetyl-CoA in the
mitochondria, and in turn reflects the increased conversion of pyruvate to
acetyl-CoA via PDH activation. In addition, single dose of DCA increased
plasma T-KB level in normal rats. T-KB is produced as an alternative
metabolic source of energy to glucose during starvation or prolonged
physical effort. Low concentrations (<7 mmol/L) of circulating ketone
bodies may exert beneficial effects on endothelium and the cardiovas-
cular system [29]. It has been reported that a sodium-glucose co-trans-
porter-2 inhibitor ameliorates adverse cardiac remodeling and heart
failure in a nondiabetic porcine model by switching fuel utilization from
glucose toward T-KB [30]. On the contrary, diabetic ketoacidosis, in
which concentration of ketone bodies can reach 25 mmol/L [31], is a
serious complication of diabetes mellitus, and further studies are war-
ranted to reveal the safety profile of PDK inhibition.

Both DCA and insulin suppressed glucose production in hepatocytes.
DCA suppressed lactate release from C2C12 myotubes in a concentration-
dependent manner, which is required for hepatic gluconeogenesis,
whereas insulin increased lactate production. Moreover, DCA increased
T-KB production in hepatocytes while insulin did not. The findings imply
that insulin and PDK inhibitor suppress glucose production via different
mechanisms.

Although gluconeogenesis is one of the important contributing factors
to hyperglycemia in diabetes, only biguanides are the drugs of choice.
Metformin, a biguanide, is known to harbor a concern of lactic acidosis
[32]. In the current study, we observed increased lactate production by
metformin in myotubes, while DCA decreased it. Some studies reported that
a combination of DCA and biguanides leads to suppression of plasma lactate
level [33]. Considering that metformin is the preferred treatment option for
diabetes, combining PDK inhibitors with metformin may have a potential to
achieve better glycemic control and reduced risk of lactic acidosis.

The concentration of DCA observed in the present in vitro study is
largely in agreement with the concentrations reported in previous studies
[34, 35]. Additionally, DCA content in liver and muscle tissues 4 h after
intragastrical administration of 100 mg/kg DCA was reported to be 87.9
and 62.2 ug/g tissue weight, which are 0.58 and 0.41 mmol/kg tissue
weight, respectively [36]. The tissue concentration of DCA is similar to
that observed in in vitro assays in this study. There are some limitations to
the use of cell lines as a model to “mimic” in vivo tissues as metabolic
demands in Fao hepatoma cells and C2C12 myotubes in vitro might differ
from the liver and skeletal muscles in vivo.

5. Conclusion

These findings suggest that PDK inhibitors may exert antidiabetic
effect by decreasing liver gluconeogenesis via direct suppression of he-
patic gluconeogenesis and via reduction in its substrate supply from the
skeletal muscle to liver. PDK inhibitors exhibit different characteristics
from the conventional diabetic drugs, and therefore, may be considered
as a novel attractive therapeutic agent for diabetes.
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