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Abstract

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay is used as a major method to evaluate cell viabil-
ity. However, in some cases, the results may reflect mitochondrial status re-
gardless of viability. Epalrestat (EPS) is currently available for the treatment
of diabetic neuropathy. In this study, we report that EPS at near-plasma con-
centrations increases MTS reduction activity independent of cell number in
bovine aortic endothelial cells. Nuclear factor erythroid 2-related factor 2
(Nrf2) is a key transcription factor that plays a pivotal role in inducing the
expression of genes encoding detoxifying and defensive proteins. Sulfora-
phane (an Nrf2 activator) also increased MTS-reducing activity, similar to
EPS. Knockdown of Nrf2 by short interfering RNA suppressed EPS-induced
MTS reduction. These results suggest that EPS increases MTS reduction ac-
tivity via the Nrf2 pathway. Furthermore, the results that EPS increases ATP
production and that electron transfer chain inhibitors suppress EPS-induced
MTS reduction activity suggest that EPS may activate mitochondrial status.
Because mitochondrial disorders cause numerous diseases, we suggest that
EPS has new beneficial properties that may prevent the development and
progression of disorders caused by mitochondrial dysfunction.
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1. Introduction

Various methods have been used to measure cell proliferation and toxicity,
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including the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium (MTT),
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS), and 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) assays [1] [2] [3]. MTT is a water-soluble tetrazolium salt
that is converted into a water-insoluble dark blue formazan by reductive clea-
vage [1]. The necessary step of removing the medium and the solubilization of
the formazan prior to its quantification can be troublesome and lead to errors.
XTT and MTS assays have been developed to shorten time and eliminate errors
[2] [3]. These require an electron coupling reagent for optimal formazan yield.
For this, phenazine methosulfate is normally used. The MTS assay is the most
popular and is widely used to measure the number of viable cells because it pro-
vides results in a short time [4] [5]. MTS, a tetrazolium salt compound, was used
as a substrate for dehydrogenase in the MTS assay [4]. After permeabilization of
the cell membrane, MTS is reduced to a formazan dye by dehydrogenase in the
mitochondria. It can be applied to most animal cells; by using a microplate,
many samples can be processed simultaneously. Moreover, the amount of for-
mazan produced corresponds to the number of viable cells. In contrast, the MTS
assay reflects mitochondrial activity because it is based on mitochondrial dehy-
drogenase activity in viable cells [6]. As a result, it is conceivable that the MTS
assay may only indicate mitochondrial status, independent of the number of via-
ble cells.

Mitochondria are major intracellular organelles that consume more than 90%
of cellular oxygen and produce ATP [7]. They have a dual nature in that they can
oxidize metabolic substrates to generate cellular energy, but they also produce
genotoxic reactive oxygen species (ROS) [8] [9]. Mitochondria-derived ROS di-
rectly cause cell injury to proteins, lipids, and nucleic acids, resulting in aging,
atherosclerosis, diabetes mellitus, and mitochondria diseases [10] [11] [12]
[13].

Epalrestat  (5-[(1Z,2E)-2-methyl-3-phenylpropenylidene]-4-oxo-2-thioxo-3-
thiazolidine acetic acid; EPS), approved in Japan in 1992, is currently used to
treat diabetic neuropathy [14]. EPS is obtained by condensation of rhoda-
nin- N-acetic acid and a-methylcinnamaldehyde in acetic acid in the presence of
sodium acetate [15]. EPS is an inhibitor of aldose reductase, which is a
rate-limiting enzyme in the polyol pathway [16]. Under hyperglycemic condi-
tions, EPS reduces the accumulation of intracellular sorbitol, which is implicated
in the development of diabetic complications [17]. Recently, we reported that
EPS increased glutathione (GSH) levels by upregulating glutamate-cysteine li-
gase (GCL) via activation of nuclear factor erythroid 2-related factor 2 (Nrf2) in
rat Schwann cells and bovine aortic endothelial cells (BAECs) [18] [19]. Al-
though EPS exhibits antioxidant effects by regulating glutathione levels, the ef-
fect of EPS on mitochondrial status is not clear. The purpose of this study was to
determine whether EPS can affect MTS-reducing activity and has the potential

to influence mitochondrial activity in BAECs.
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2. Materials and Methods
2.1. Cell Culture and Treatment with EPS

BAECs were purchased from Dainippon Sumitomo Pharma Co. Ltd. (Osaka,
Japan). BAECs were grown to 80% - 90% confluence in DMEM containing 10%
fetal bovine serum (FBS), L-glutamine (4 mM), penicillin (100 U/mL), and
streptomycin (100 pg/mL) at 37°C in a humidified atmosphere of 5% CO, and
95% air. The cells were passaged by trypsinization. Before treating cells with EPS
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), the culture medium was
replaced with DMEM containing 2% FBS. EPS (10, 50, and 100 uM) was then
added to the medium.

2.2. Cell Viability

Cell viability was assessed by measuring acid phosphatase activity, which is an
accurate indicator of the number of endothelial cells in culture. It was assayed
using the method described by Connolly et al [20]. After treatment of BAECs in
96-well plates with EPS, detached BAECs were removed by washing twice with
phosphate-buffered saline (PBS) at pH 7.4, and the cells remaining in the 96-well
plates were incubated with 100 mL of 0.1 M sodium acetate buffer (pH 5.5) con-
taining 0.1% Triton X-100 and 10 mM p-nitrophenyl phosphate at 37°C for 20
min. The reaction was stopped by adding 10 pL of 1 M NaOH. The p-nitrophenol
produced was measured at 405 nm using a Bio-Rad Model 680 microplate reader
(Hercules, CA, USA). Acid phosphatase activity was expressed as the ratio of

surviving cells to the untreated control cells.

2.3. MTS Reduction Activity

MTSS reduction activity was assessed using the CellTiter 96° Aqueous One Solu-
tion Cell Proliferation Assay (MTS assay); Promega (Madison, WI, USA). Brief-
ly, BAECs in 96-well plates were incubated with EPS for 24 h at 37°C. After the
medium was removed, the cells remaining on the 96-well plates were washed
with FBS-free DMEM and incubated with fresh DMEM (100 puL) and MTS assay
solution (10 pL) for 60 min at 37°C. The amount of MTS formazan produced

was measured at 490 nm using a Bio-Rad Model 680 microplate reader.

2.4. Knockdown of Nrf2 in BAECs with Small Interfering
RNA (siRNA)

Oligonucleotides targeting bovine Nrf2 (Sigma-Aldrich Co., St. Louis, MO,
USA) and control siRNA (Thermo Fisher Scientific, Waltham, MA, USA) were
transfected into BAECs using Lipofectamine RNAiMAX (Thermo Fisher Scien-
tific), according to the manufacturer’s protocol. Briefly, both Nrf2 siRNA and
control siRNA were diluted in Opti-MEM, and then diluted Lipofectamine
RNAiIMAX was added. The transfection mixture was then incubated at room
temperature for 20 min. When the BAECs reached 30% - 50% confluency, the

culture medium was replaced with FBS-free, and the transfection mixture was
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added to each well. The final siRNA concentration was 20 nM.

2.5. Measurement of ATP

Intracellular ATP levels were measured using an Intracellular ATP assay kit v2
(TOYO B-Net Co., Ltd., Tokyo, Japan). Briefly, BAECs in 96-well plates were
treated with EPS (10, 50, and 100 pM). After 24 h of incubation, aliquots of the
cell extracts were sampled to determine the ATP concentration. The assay was

performed according to the manufacturer’s instructions.

2.6. Other Procedures

Protein concentrations were determined using the Bradford method with bovine

serum albumin as the standard.

3. Statistical Analysis of Data

All experiments were performed independently at least thrice. Data were com-
bined and expressed as mean * S.D. Statistical significance was determined using
the Student’s t-test after analysis of variance or two-way analysis of variance
(ANOVA) with Tukey’s post-hoc test. Statistical significance was set at P < 0.05.

4. Results
4.1. Effect of EPS on MTS Reduction Activity and Viability in BAECs

We first evaluated M TS reduction activity using an MTS assay with EPS-induced
BAECs. The MTS assay was performed in cells treated and not treated with EPS
(50 and 100 pM) and incubated for 24 h. Figure 1(a) shows that EPS increased
MTS reduction activity by 2-fold at 50 and 100 uM. In contrast, EPS at all tested
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Figure 1. Effect of EPS on MTS reduction activity and viability in BAECs. BAECs were
treated with EPS (50 and 100 uM) for 24 h. (a) MTS reduction activity was estimated us-
ing MTS assay. (b) Cell viability was assessed by measuring the acid phosphatase activity.
Values represent the mean + SD of six experiments. *Significant difference compared
with the control value (P < 0.05).
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conditions had no effect on acid phosphatase activity in the BAECs (Figure
1(b)). Acid phosphatase activity, an accurate indicator of the number of endo-
thelial cells in culture, was assayed using the method described by Connolly et al.
[20]. These results indicated that the increase in MTS reduction activity by EPS
was not dependent on cell viability.

4.2. Effect of Aldose Reductase Inhibitor and Nrf2 Activator on
EPS-Induced MTS Reduction Activity in BAECs

We next investigated the effect of an aldose reductase inhibitor on MTS reduc-
tion in BAECs. MTS reduction activity was measured using alrestatin and sorbi-
nil, which have an aldose reductase inhibitory activity similar to that of EPS. Un-
like the results with EPS, the same aldose reductase inhibitors, alrestatin (50 pM)
and sorbinil (50 uM), had no effect on MTS reduction activity (Figure 2(a)). On
the other hand, as shown in Figure 2(b), sulforaphane (5 uM) (which is known
to have an Nrf2 activating effect) had increased MTS reduction activity, similar
to that of EPS. These results suggest that the increase in MTS reduction activity
by EPS is not due to aldose reductase inhibition, which is the pharmacological
action of EPS, but rather due to the activating action of Nrf2.

4.3. Effect of Nrf2 on EPS-Induced MTS Reduction
Activity in BAECs

Next, we examined whether Nrf2 could alter the increase in MTS reduction ac-
tivity in BAECs treated with 50 uM EPS by Nrf2 knockdown. BAECs were
transfected with either control siRNA (siControl) or Nrf2 siRNA (siNrf2). Nrf2
mRNA expression levels in cells transfected with Nrf2 siRNA were reduced by
80% compared to those in control siRNA-transfected cells (data not shown). As
shown in Figure 3(a), the increase in MTS reduction activity by EPS treatment
was inhibited by knockdown of Nrf2 expression using siRNA. These results
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Figure 2. Effects of aldose reductase inhibitor and Nrf2 activator on EPS-induced MTS
reduction activity in BAECs. BAECs were treated with EPS (50 uM) and aldose reductase
inhibitors [(a); alrestatin (50 uM), sorbinil (50 pM)], and Nrf2 activator [(b); sulfora-
phane (5 uM)] for 24 h. MTS reduction activity was estimated using the MTS assay. Val-
ues represent the mean * SD of six experiments. *Significant difference compared with
the control value (P < 0.05).
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Figure 3. Effect of Nrf2 on EPS-induced MTS reduction activity in BAECs. (a) BAECs
were transfected with control siRNA (si ctrl) or Nrf2 siRNA (si Nrf2) and were treated
with EPS (50 and 100 uM) for 24 h. (b) BAECs were pretreated with BSO (1 mM) for 16
h. Subsequently, the cells were treated with EPS (50 uM) for 24 h. MTS reduction activity
was estimated by MTS assay. Values are means = SD of four experiments. *Significant
difference (P < 0.05).

suggest that EPS increases MTS reduction activity via the activation of Nrf2 in
BAECs.

Some studies have reported that Nrf2 plays a pivotal role in inducing the ex-
pression of genes encoding detoxifying and defensive proteins, including GCL,
by binding to the antioxidant response element (ARE) [21] [22] [23]. We also
reported that EPS increases GSH levels in BAECs in association with the Nrf2
pathway [19]. Although we expected that GSH would contribute to EPS-induced
MTS reduction activity, L-buthionine-(S,R)-sulfoximine (BSO), a GSH-depleting
agent, did not affect the EPS-induced MTS reduction activity (Figure 3(b)).

4.4. Effect of EPS on ATP Production in BAECs

The role of the Nrf2 pathway in the maintenance of mitochondrial function has
recently been elucidated. We evaluated intracellular ATP levels in BAECs treated
with EPS (10, 50, and 100 uM) and incubated for 24 h. Figure 4 shows that EPS
increased ATP levels by 1.3-fold at 50 uM.

4.5. Effect of EPS on Electron Transfer Chain in BAECs

The electron transfer chain contains transmembrane protein complexes (I-IV)
and is located in the inner membrane. These complexes form the basis of ATP
production via oxidative phosphorylation. We examined whether electron
transfer chain inhibitors affected the EPS-induced MTS reduction activity in
BAECs. As shown in Figure 5(a) and Figure 5(b), rotenone (5 pM) and anti-
mycin A (10 uM) suppressed EPS-induced MTS reduction activity.

4.6. Effect of EPS on MTS Reduction Activity in Schwann
Cells and NRK-52E Cells

Finally, we examined whether the EPS-induced increase in MTS reduction activity
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Figure 4. Effect of EPS on ATP production in BAECs. (a) BAECs were treated with EPS
(10, 50, and 100 uM) for 24 h. ATP levels were measured by the Intracellular ATP assay
kit. Values are means = SD of three experiments. *Significant difference from control
value (P < 0.05).
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Figure 5. Effects of electron transport chain inhibitors on EPS-induced MTS reduction
activity in BAECs. BAECs were treated with EPS (50 pM) and electron transfer chain in-
hibitors [(a); rotenone (5 uM), (b); antimycin A (10 pM)] for 24 h. MTS reduction activi-
ty was estimated using the MTS assay. Values represent the mean + SD of six experi-
ments. *Significant difference (P < 0.05).

is a phenomenon that also occurs in other tissue cell lines. The results showed
that in Schwann cells and NRK-52E cells, the increase in MTS reduction activity
by EPS was slight, unlike the results obtained using BAECs (Figure 6(a) and
Figure 6(b)).

5. Discussion

The MTS assay is a widely used method for measuring the number of viable
cells. However, in some cases, the results may reflect mitochondrial status with-
out reflecting viability. In fact, in the MTT assay (which is similar to the MTS
assay), the mitochondrial uncoupler dicumarol has been reported to disrupt
MTT assay results [24]. The present study shows that EPS increases MTS reduc-

tion activity, which is the principal mechanism of the MTS assay. Furthermore,
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Figure 6. Effect of EPS on MTS reduction activity in Schwann cells and NRK-52E cells.
Cells were treated with EPS (50 and 100 pM) for 24 h. MTS reduction activity was esti-
mated by MTS assay in rat Schwann cells (a) and rat NRK-52E cells (b). Values represent
the mean + SD of six experiments. *Significant difference compared with the control val-
ue (P < 0.05).

the results that EPS increases ATP production and that electron transfer chain
inhibitors suppress EPS-induced MTS reduction activity suggest that EPS may
activate the mitochondrial status.

Mitochondria are the major intracellular organelles involved in ATP produc-
tion as well as in the production of ROS that damage cells at a rate of 1% - 5% of
the consumed oxygen [25]. Mitochondrial ROS directly causes cell injury, lead-
ing to aging, atherosclerosis, diabetes mellitus, and mitochondrial diseases. Mi-
tochondrial diseases are a group of disorders that are caused by mitochondrial
dysfunction. There have been few epidemiological studies on mitochondrial dis-
ease in the world. However, the disease may occur in approximately 1 in 5000
people regardless of age or form of inheritance. Since mitochondrial DNA muta-
tions in all diabetes patients are reported to be approximately 1% [26] [27], the
number of potential disease patients with mitochondrial disorders is probably
larger than estimated. The pathology of mitochondrial disorders is extremely va-
ried because the role of mitochondria in maintaining vital functions is closely
related to energy metabolism, oxidative stress, apoptosis, and carcinogenesis [28]
[29]. Particularly in cases where the disease occurs in childhood, the symptoms
vary widely and there is a high risk of serious or fatal consequences. Currently,
there is no effective treatment for this condition. Furthermore, mitochondrial
dysfunction has been shown to cause not only mitochondrial diseases, but also
neurodegenerative diseases, heart disease, kidney disease, diabetes, and other
diseases. Our present study indicates the possibility that it may be used to inhibit
the onset and progression of many diseases.

Recently, it was reported that 4-(2,4-difluorophenyl)-2-(1H-indole-3-yl)-4-
oxobutanoic acid (MA-5) increased cellular ATP levels, rescued mitochondrial
disease fibroblasts, and prolonged the life span of a disease mouse model [30].
Increased ATP levels by enhancing the production ability may be beneficial for
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the treatment of mitochondrial diseases. Nrf2 is a key transcription factor that
plays a central role in regulating the expression of proteins with cytoprotective
functions [31]. There is an interest in the direct involvement of Nrf2 in mod-
ulating mitochondrial function [32] [33] [34]. Holmstrom et al showed that
ATP levels were decreased in cells and mitochondria isolated from Nrf2-knockout
mice, while they were increased in Keapl-knockout and Keapl-knockdown mice
[35]. These results mean that the activation of Nrf2 is involved in increasing
ATP levels. Sulforaphane, a compound present in broccoli sprouts, is a potent
Nrf2 activator [36]. In the present study, sulforaphane increased MTS reduction
activity, similar to that of EPS. This indicates that Nrff2 may influence mito-
chondrial status. However, although we have reported that EPS activates Nrf2
and promotes GSH biosynthesis in Schwann cells [37], a sufficient increase in
MTS reduction activity was not observed in neither Schwann nor renal cells
(NRK-52E), the latter of which is known to express of Nrf2 [37]. These results
indicate that there may be an unknown factor that attenuates the effect of Nrf2,
which is involved in the increase in MTS inhibitory activity. In recent studies,
sulforaphane prevented the decline in ATP production and decreased the activi-
ty of electron transfer chain components (complexes I, II, and IV) [38] [39]. Si-
milarly, quercetin, another Nrf2 activator, also prevented the decrease in ATP
production [40] [41]. However, unlike our present results, most of these reports
have shown that Nrf2 activators prevent the decrease in ATP production. Addi-
tionally, few reports have shown that they increase ATP production under nor-
mal conditions.

The electron transfer chain contains transmembrane protein complexes (I-IV)
and resides in the inner membrane. These complexes form the basis of ATP
generation via oxidative phosphorylation [42]. In the present study, the increase
in EPS-induced MTS reduction activity was inhibited by rotenone (an inhibitor
of complex I) and antimycin A (an inhibitor of complex III). These findings
suggest that EPS increases MTS reduction activity via its involvement in the
electron transfer chain. However, the mRNA expression levels of complexes I-III
were unaffected by EPS (data not shown). Further studies are needed to clarify
the mechanism underlying EPS-induced MTS reduction.

Drug repurposing is a new strategy in drug discovery and development that
has emerged as a new treatment for diseases [43]. This strategy involves a com-
prehensive molecular-level examination of the pharmacological effects of exist-
ing drugs that have already been clinically proven safe and pharmacokinetic and
have been approved for use; the results are then employed in the development of
new drugs. These results can also be applied to the development of existing
drugs for the treatment of other diseases. EPS is currently the only aldose reduc-
tase inhibitor available for the treatment of diabetic neuropathy [44]. Under
normal dosage, EPS is administered orally at a dose of 50 mg three times daily; a
single oral dose of 50 mg results in a plasma EPS concentration of 3.9 mg/ml (12
mM) at 1 h (package insert). In this study, the effect of near plasma EPS concen-

trations on BAECs was demonstrated. Interestingly, other aldose reductase inhi-
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bitors, alrestatin and sorbinil failed to increase MTS reduction activity. No sig-
nificant dose-dependent effects on aldose reductase activity were observed at any
of the tested EPS concentrations (data not shown). These results suggest that the
inhibition of aldose reductase does not contribute to the ability of EPS to in-
crease MTS reductive activity.

Our findings led us to propose that targeting the regulation of ATP produc-

tion by EPS is a promising therapeutic approach for mitochondrial disorders.

6. Conclusion

This study could lead to breakthroughs in drug discovery and development. In
this study, we demonstrated that EPS increased MTS reduction activity and ATP
production, suggesting the beneficial effects of EPS. Therapeutic administration
of EPS may be a useful new strategy to ameliorate not only diabetes but also di-
verse diseases related to mitochondrial disorders, such as neurodegenerative,

heart, kidney, and other diseases.
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