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Figure 3. ECHS1 expression and enzyme activity. ECHS1 expression was analyzed by immuncblotting. C1/2, contral; P, patient. Mitochondrial
fraction prepared from patient’s skeletal muscle (A) or whole-cell lysate (B) and mitochondrial fraction (€} prepared from the patient-derived
myoblasts were analyzed via immunoblotting. All findings indicated that ECHS1 levels in patient samples were too low to detect by immunoblotting.
D: RT-PCR was used to assess ECHS7 mRNA levels in the patient. Notably, patient-derived myoblasts and control myoblasts did not differ with
regard to ECHST mRNA level. E: Mitochondrial fractions prepared from patient-derived myoblasts were used to estimate ECHS1 enzyme activity in
the patient. All ECHS1 activity measurements were normalized to CS activity; ECHS1 activity in patient-derived samples was 13% of that in control
samples. The experiments were performed in triplicate. Error bars represent standard deviations. (**P< 0.005 Student's t-test).
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Figure 4. Exogenous expression of mutant ECHS1 protein in cancer cells. A: Schematic diagram of the pIRES mammalian expression vector. B:
Representative image of an immunoblotting containing AcGFP, an internal control, and each HA-tagged ECHS1 protein; all proteins were isolated
from DLD-1 cells that transiently overexpressed wild-type, A2V, or M1R HA-tagged ECHS1 from pIRES. The images obtained by short exposure
(left) and long exposure {right). C: Overexpressed HA-tagged ECHS1 protein levels. Both mutant ECHS1 proteins showed dramatically decreased
expression compared to wild-type ECHS1 protein, when ECHS1 was normalized relative to the internal control. Each experiment was performed in
triplicate. Error bars represent standard deviations (** P < 0.005 Student's t-test).

Discussion controls. Exogenous expression of two recombinant mutant proteins

in DLD-1 cells showed ¢.2T>G; p.MIR and ¢.5C>T; p.A2V muta-

Here, we described a patient harboring compound heterozygous  tjons affected ECHS1 protein expression. Cellular complementation
mutations in ECHSI. Immunoblotting analysis revealed that ECHS1 experiment verified the patient had ECHS1 deficiency.

protein was undetectable in patient-derived myoblasts; moreover, The ¢.2T>G; p.M1R mutation affected the start codon and there-

these cells showed significantly lower ECHS1 enzyme activity than  fore was predicted to impair the protein synthesis from canonical
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Figure 5. ECHST protein expression and enzyme activity in rescued myoblasts. An empty vector or a construct encoding wild-type ECHS1
was introduced into immortalized patient-derived myoblasts. iC1/2, immortalized control myoblasts; iP, immortalized patient-derived myoblasts; iP-
vecter, immortalized patient-derived myoblasts transfected with empty vector; Rescued, immortalized patient-derived myoblasts stably expressing
wild-type ECHS1. A: ECHS1 levels were assessed on immunoblotting using mitochondrial fractions prepared from rescued myoblasts. ECHS1 level
in “rescued” is 11 times higher than that in “iP-vector”. B: Mitochondrial fractions prepared from rescued myoblasts were also used to measure
ECHS1 enzyme activity. ECHS1 activity normalized to CS activity in “rescued” was 49 times higher than that in “iP-vector.” Each experiment was
performed in triplicate. Error bars represent standard deviations (** P < 0.005 Student’s #-test). C: Mitochondrial fractions prepared from rescued
myoblasts were used to measure enzyme activities of mitochondrial respiratory complexes. Activity values were normalized to CS activity. Activities
of complexes |, IV, and V were mostly restored from “iP” and “iP-vector.” In “rescued,” the enzyme activities of complexes |, IV, and V were 3.5,
1.3, and 2.2 times higher, respectively, than the “iP-vector.” Each experiment was performed in triplicate. Error bars represent standard deviations

(** P<0.005, *P < 0.05 Student’s #test).

initiation site. In the reference ECHSI sequence, the next in-frame
start codon is located in amino acids 97 (Fig. 2C). Even if transla-
tion could occur from this second start codon, the resulting product
would lack the whole transit peptide and part of the enoyl-CoA
hydratase/isomerase family domain (Fig. 2C). The ¢.5C>T; p.A2V
mutation was located in the mitochondrial transit peptide and the
mutation may affect the mitochondrial translocation of ECHS1. Sur-
prisingly, the MitoProt-predicted mitochondrial targeting scores for
the wild-type and A2V-mutant proteins were 0.988 and 0.991, re-
spectively [MitoProt II; http://ihg.gsf.de/ihg/mitoprot.html; Claros
and Vincens, 1996] and not markedly different from each other.
Nevertheless, mislocalized mutant protein may have been degraded
outside of the mitochondria. Consistent with this speculation was
the finding that immunoblotting of lysate from patient-derived my-
oblasts (Fig. 3B) or from transfected cells that overexpressed the
recombinant p.A2V-mutant ECHS1 (Fig. 4B, Supp. Fig. S2) did not
show upper shifted ECHS1 bands that indicated ECHS1 with the
transit peptide. Another possible explanation is that the mutation
affected the translation efficiency because it was very close to the
canonical start codon. It can change secondary structure of ECHS1
mRNA or alter the recognition by the translation initiation fac-
tors. As stated above, even if there was a translation product from
the second in-frame start codon, that product would probably not
function.

This patient presented with symptoms that are indicative of
fatty acid oxidation disorders (e.g., hypotonia and metabolic aci-
dosis), but he also presented with neurologic manifestations, in-

cluding developmental delay and Leigh syndrome, that are not
normally associated with fatty acid B-oxidation disorders. Inter-
estingly, developmental delay is also found in cases of SCAD defi-
ciency [Jethva et al., 2008]. In the absence of SCAD, the byprod-
ucts of butyryl-CoA—including butyrylcarnitine, butyrylglycine,
ethylmalonic acid (EMA), and methylsuccinic acid—accumulate in
blood, urine, and cells. These byproducts may cause the neurologi-
cal pathology associated with SCAD deficiency [Jethva et al., 2008].
EMA significantly inhibits creatine kinase activity in the cerebral
cortex of Wistar rats but does not affect levels in skeletal or heart
muscle [Corydon et al., 1996]. Elevated levels of butyric acid mod-
ulated gene expression because excess butyric acid can enhance hi-
stone deacetylase activity [Chen et al., 2003]. Moreover, the highly
volatile nature of butyric acid as a free acid may also add to its
neurotoxic effects [Jethva et al., 2008].

On the other hand, it is very rare for fatty acid S-oxidation disor-
ders causing Leigh syndrome. Therefore, the most noteworthy man-
ifestation in this patient was Leigh syndrome. Leigh syndrome is a
neuropathological entity characterized by symmetrical necrotic le-
sions along the brainstem, diencephalon, and basal ganglion [Leigh,
1951]. It is caused by abnormalities of mitochondrial energy gen-
eration and exhibits considerable clinical and genetic heterogeneity
[Chol etal., 2003]. Commonly, defects in the mitochondrial respira-
tory chain or the pyruvate dehydrogenase complex are responsible
for this disease. This patient’s skeletal muscle samples exhibited
a combined respiratory chain deficiency, and this deficiency may
be the reason that he presented with Leigh syndrome. Although it
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remained unclear what caused the respiratory chain defect, cellular
complementation experiments showed almost complete restora-
tion, indicating there was an unidentified link between ECHS1 and
respiratory chain. One of the possible causes of respiratory chain de-
fect is the secondary effect of accumulation of toxic metabolites. For
example, an elevated urine glyoxylate was observed in this patient.
Although the mechanism of this abnormal accumulation is not clear
at the moment, it was shown that glyoxylate inhibited oxidative
phosphorylation or pyruvate dehydrogenase complex by in vitro
systems [Whitehouse et al., 1974; Lucas and Pons, 1975]. There-
fore, we speculate that in our patient, ECHS1 deficiency induced
metabolism abnormality including glyoxylate accumulation, and
glyoxylate played a role in decreased enzyme activities of respiratory
chain complexes. Interestingly, a recent paper describing patients
with Leigh syndrome and ECHS1 deficiency showed decreased ac-
tivity of pyruvate dehydrogenase complex in fibroblasts [Peters etal.,
2014], (Supp. Table S5). BN-PAGE showed the assembly of respi-
ratory complex components in the patient was not clearly different
from the control (Supp. Fig. S1). This result suggests that the res-
piratory chain defect in the patient is more likely because of the
secondary effect of accumulation of toxic metabolites. On the other
hand, many findings indicate interplays between mitochondrial fatty
acid B-oxidation and the respiratory chain. For example, Enns et al.
[2000] mentioned the possibility of the physical association between
these two energy-generating pathways from overlapping clinical
phenotypes in genetic deficiency states. More recently, Wang and his
colleagues actually showed physical association between mitochon-
drial faity acid B-oxidation enzymes and respiratory chain com-
plexes (Wang et al., 2010). Similarly, Narayan et al. demonstrated
interactions between short-chain 3-hydroxyacyl-CoA dehydroge-
nase (SCHAD) and several components of the respiratory chain
complexes including the catalytic subunits of complexes I, II, I1I,
and IV via pull-down assays involving several mouse tissues. Con-
sidering the role of SCHAD as a NADH-generating enzyme, this
interaction was suggested to demonstrate the logical physical asso-
ciation with the regeneration of NAD through the respiratory chain
[Narayan et al., 2012]. Still more recently, mitochondrial protein
acetylation was found to be driven by acetyl-CoA produced from
mitochondrial fatty acid g-oxidation [Pougovkina et al., 2014]. Be-
cause the activities of respiratory chain enzymes are regulated by
protein acetylation [Zhang et al., 2012], this finding indicated that
B-oxidation regulates the mitochondrial respiratory chain. Remark-
ably, acyl-CoA dehydrogenase 9 (ACAD?9), which participates in the
oxidation of unsaturated fatty acid, was recently identified as a fac-
tor involved in complex I biogenesis [Haack et al., 2010; Heide et al.,
2012]. Cellular complementation experiments that involve overex-
pression of wild-type ACAD9 in patient-derived fibroblast cell lines
showed restoration of complex I assembly and activity [Haack et al.,
2010]. Accumulating evidence indicates that there are complex reg-
ulatory interactions between mitochondrial fatty acid B-oxidation
and the respiratory chain.

ECHS1 has been shown to interact with several molecules outside
the mitochondrial fatty acid B-oxidation pathway [Chang et al.,
2013; Xiao et al., 2013] and the loss of this interaction can affect
respiratory chain function in a patient. Further functional analysis
of ECHS1 will advance our understanding of the complex regulation
of mitochondrial metabolism.
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Administration of an Antioxidant Prevents
Lymphoma Development in Transmitochondrial Mice
Overproducing Reactive Oxygen Species
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Abstract: Because of the difficulty to exclude possible involvement of nuclear DNA mutations, it has
been a controversial issue whether pathogenic mutations in mitochondrial DNA (mtDNA) and the
resultant respiration defects are involved in tumor development. To address this issue, our previous
study generated transmitochondrial mice (mito-mice-ND613997) which possess the nuclear and mtDNA
backgrounds derived from C57BL/6J (B6) strain mice except that they carry B6 mtDNAwith a G13997A
mutation in the mt-Nd6 gene. Because aged mito-mice-ND6139%7 simultaneously showed overproduction
of reactive oxygen species (ROS) in bone marrow cells and high frequency of lymphoma development,
current study examined the effects of administrating a ROS scavenger on the frequency of lymphoma
development. We used N-acetylcysteine (NAC) as a ROS scavenger, and showed that NAC
administration prevented lymphoma development. Moreover, its administration induced longevity in
mito-mice-ND&13%97 The gene expression profiles in bone marrow cells indicated the upregulation
of the Fas/ gene, which can be suppressed by NAC administration. Given that natural-killer (NK) cells
mediate the apoptosis of various tumor cells via enhanced expression of genes encoding apoptotic
ligands including Fas/ gene, its overexpression would reflect the frequent lymphoma development in
bone marrow cells. These observations suggest that continuous administration of an antioxidant
would be an effective therapeutics to prevent lymphoma development enhanced by ROS overproduction.
Key words: antioxidant, lymphoma prevention, mouse mtDNA mutation, ROS overproduction

Introduction mitochondrial respiration defects have been proposed to
be involved in aging and age-associated disorders includ-
Mitochondrial DNA (mtDNA) mutations that induce  ing tumor development [13, 14, 18, 23, 24]. Moreover,
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mitochondrial respiration defects caused by nuclear DNA
mutations and the resultant enhanced glycolysis under
normoxic conditions, i.e. the Warburg effect, are re-
ported to be responsible for tumor development
[4, 7, 16, 19]. Therefore, it is also possible that mito-
chondrial respiration defects caused by an age-associat-
ed accumulation of mtDNA mutations induce the War-
burg effect via compensatory upregulation of aerobic
glycolysis, resulting in tumor development. In fact, so-
matic mutations were preferentially accumulated in tu-
mor mtDNA [6, 10, 21]. However, there has been no
direct evidence for the involvement of mtDNA mutations
in the Warburg effect and in tumor development, because
of the difficulty to exclude possible involvement of
nuclear DNA mutations in these processes [2].

Our previous studies [1, 11, 12] resolved this issue by
the use of intercellular mtDNA transfer technology be-
tween mouse cells expressing different phenotypes re-
lated to tumors. While mtDNA introduced from tumor

 cells into normal cells did not induce tumorigenicity [1],
mtDNA exchange between poorly and highly metastatic
lung carcinoma cells provided convincing evidence that
a somatic G13997A mtDNA mutation in the mt-Nd6
gene, which encodes subunit 6 of respiration complex I
(NADH dehydrogenase), reversibly controls develop-
ment of highly metastatic potentials [11]. In this case,
the induction of high metastasis was not due to the War-
burg effect, but to overproduction of the reactive oxygen
species (ROS) [12]. Subsequently, G13997A mtDNA
was transferred from highly metastatic carcinoma cells
into mouse female germ line [26] to examine the effect
of the G13997A mtDNA on tumor-related phenotypes.
The resultant transmitochondrial mice possessing only
G13997A mtDNA, named mito-mice-ND613%97, showed
high frequently of lymphoma formation with aging [9],
providing convincing evidence for the involvement of
the mtDNA mutations in tumor development.

Based on these observations, this study examined
whether continuous administration of an antioxidant
prevents lymphoma development, and corresponds to an
effective therapeutics to protect lymphoma development
in mito-mice-ND613%7. We also examined the mecha-
nisms of how ROS induce lymphoma formation in mito-
mice-ND6!3%97,

Materials and Methods

Ethical statement

All animal experiments were performed in accordance
with protocols approved by the experimental animal
committee of the University of Tsukuba, Japan.

Mice

Old inbred C57BL/67J Jcl (B6) mice were obtained
from CLEA Japan. Mito-mice-ND6!3%%7 were generated
in our previous work [26]. We maintained B6 mice and
mito-mice-ND63%7 sharing a common nuclear DNA
background by repeated backcrossing of their females
with B6 males. Animals were housed in groups of up to
5 in individually ventilated cages under standard condi-
tions (22°C, 12 h light—dark cycle) receiving food and
water ad libitum. Male mice were used in the experi-
ments, and were monitored everyday for general health
and signs of tumor burden such as hunched postures,
ruffled coats and respiratory distress were humanely
killed. Moribund mice were euthanized by cervical dis-
location under general anesthesia (Avertin, 1.25%,
0.2 ml/20 g body weight, intraperitoneally).

NAC administration

At 15 months old, sixteen mito-mice-ND613997 were
divided at random into two groups. One group was
given drinking water containing 10 g/l of NAC (SIG-
MA), and another group was given regular water. NAC
supplemented water and regular water were prepared
fresh everyday.

Histological analyses

Formalin-fixed, paraffin-embedded serial sections
(10 ym) were used for histological analyses. Hematox-
ylin-and-eosin—stained sections were used for histo-
pathological analysis to identify tumor tissues. The im-
munohistological analysis was performed with antibody
to CD45 to determine whether the tumor tissues origi-
nated from leukocytes, and subsequently with antibodies
to B220 and CD3 to determine whether the tumor tissues
were of B-cell or T-cell origin, respectively. Deparaf-
finized slides were boiled for antigen retrieval, then in-
cubated with rat anti-mouse CD45 (clone 30-F11; BD
Biosciences, Cat. No. 550539) at a dilution of 1:200 or
rat anti-mouse B220 (clone RA3-6B2; BD Biosciences,
Cat. No. 553085) at a dilution of 1:50 or goat anti-mouse
CD3 (clone M-20; Santa Cruz, Cat. No. sc-1127) at a
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dilution of 1:50. Biotin-conjugated goat anti-rat IgG (BD
Biosciences, Cat. No. 559286) and rabbit anti-goat IgG
(Vector Laboratories, Cat. No. BA-5000) were used as
secondary antibody at a dilution of 1:50 and 1:500, re-
spectively. Detection of CD45, B220 and CD3 were
performed using avidin-biotin complex methodologies
(Vectastain Elite ABC Kit, Vector Laboratories) with
DAB staining (Anti-Ig HRP Detection Kit, BD Pharmin-
gen). Sections were counterstained with hematoxylin.

PCR array analysis

Mice were euthanized after 4-week administration of
NAC and bone marrow cells were isolated from mice
thighbones and shinbones. Total RNA was extracted by
ISOGEN (Nippon Gene) from mouse bone marrow cells.
RNA samples were subjected to DNase I treatment (In-
vitrogen) to eliminate DNA contaminants and reverse
transcribed using Oligo (dT);,.5 primer, 10 mM dNTP
Mix, 0.1 M DTT, RNase Out Recombinant Ribonuclease
Inhibitor, and SuperScript II-Reverse Transcriptase (In-
vitrogen). cDNA samples were subjected to RNase H
treatment (Invitrogen), and applied according to the
manufacturer’s protocol to a RT? profiler PCR array
real-time PCR reaction. Real-time monitoring PCR was
performed with SYBR Green PCR Master Mix (QIA-
GEN) and an ABI PRISM 7900HT sequence detection
system (Applied Biosystems). Mouse Cancer Pathway
Finder RT? Profiler PCR Array PAMM-033Z (SABiosci-
ences) was performed to profile the expression of 84
genes related to the cancer pathway (n=3). The expres-
sion profiling was performed using AACt methods ac-
cording to manufacturer’s protocols. The relative expres-
sion level for each gene was represented as cycle
threshold (Ct). Normalized expression level was calcu-
lated as ACt=Ct (Gene of interest) — Ct (control). The
average ACt from three mice was calculated as the rela-
tive expression level of each gene. Differential expres-
sion was calculated as AACt=Ave ACt (sample mice) —
Ave ACt (control mice). Fold change was calculated as
2-A8Ct The P values are calculated based on a Student
t-test of the replicate 2"2Ct values for each gene in the
control group and treatment groups.

Statistical analysis

We analyzed data with the Student’s r-test. Kaplan-
Meier curves were assessed with the log-rank test. Val-
ues with P<0.05 were considered significant.

Results

This study examined the idea that the frequent lym-
phoma development in the aged male mito-mice-
ND6'3997 could be prevented by the administration of an
antioxidant, if ROS overproduction is responsible for
the lymphoma development. Since most mito-mice-
ND63%7 began to develop lymphoma more than 18
months after the birth [9], we used 15-month-old males
for continuous administration of N-acetylcysteine (NAC)
as a ROS scavenger. Eight of 16 mito-mice-ND63%97
were treated with NAC from 15 months after the birth
by oral administration based on the procedure reported
previously [5]. The remaining eight mito-mice-ND6!3997
were not treated with NAC. Seven 15-month-old B6
males untreated with NAC were used as controls.

First, we examined whether the NAC treatment would
affect the frequency of lymphoma development and the
lifespan. Median survival times of NAC-treated mito-
mice-ND613%97 untreated mito-mice-ND613%7 and un-
treated B6 mice were 29.3, 22.5 and 25.8 months, re-
spectively (Figs. 1A and B). No statistical significance
of median survival times was observed between un-
treated mito-mice-ND6'3%°7 and untreated B6 mice
(Fig.1A). These results are consistent with our previous
observations [9]. In contrast, NAC-treated mito-mice-
ND613997 showed longer survival times than untreated
mito-mice-ND613%7 with statistical significance
(Fig. 1B), while no statistical significance was present
between NAC-treated mito-mice-ND6!3%%7 and untreat-
ed B6 mice (Figs. 1A and B). The median survival times
of untreated mito-mice-ND613%7 with and without
lymphoma-like abnormalities were 24.5 and 20.5, re-
spectively, and were not different with statistical sig-
nificance (Fig. 1C).

Gross necropsy of all dead or euthanized moribund
mice showed that three of eight mito-mice-ND6!3%7(38%)
and one of seven B6 mice (14%) had macroscopic lym-
phoma-like abnormalities, including enlarged spleen,
liver, and nodular tumors, but none of eight NAC-treat-
ed mito-mice-ND613%7 had these abnormalities (Table 1).
Histological analyses of abnormal tissues revealed that
all were hematopoietic neoplasms and positive for the
pan-leukocyte marker CD45 (Table 1 and Fig. 2 ). These
observations suggest that these hematological neoplasms
may correspond to lymphoma cells, although current
study did not examine copy-number variations (CNVs)
in nuclear genomes to show chromosomal instability [9].

— 664 —



462

H. YAMANASHI, ET AL.

A B

100 P=0.1183 100 P=0.0027

80 L 80 |

MMMMM -

< < E
£ 60 E 60 -
2 40 g 40 ?
@ ] ‘

20 | —Bs 20{ — ND6=" .

—NDE ~-- NDB™5%57 NAC ]
0 0 z
15 20 25 30 35 15 20 25 30 35
Age (months) Age (months)

C

100 seemmaes P =0.5382

: —— ND63%7 without

80 ' lymphoma
£ 60 T -+ NDEY with
§ lymphoma
g 40
a |

20 :

0 :

15 20 25 30 35
Age (months)
Fig. 1. Kaplan-Meier survival curves of mito-miceND6!3°%7, (A) Comparison of lifespans between B6 mice and mito-

miceND633%97 Median survival times of B6 mice (n=7) and mito-miceND6'**?7(n=8) were 25.8 and 22.0 months,
respectively. (B) Comparison of lifespans of between NAC-treated and untreated mito-miceND6!3%°7. NAC admin-
istration was started from 15 months after the birth to the end of their lives. Median survival times of mito-
miceND63%°7(n=8) and mito-miceND613%7 treated with NAC (n=8) were 22.0 and 29.3 months, respectively. (C)
Comparison of lifespans between mito-miceND613%7 that died with and without detectable lymphoma. Median
survival times of mito-miceND6!3%7 with detectable lymphoma (n=3) and mito-miceND6'37 without detectable
lymphoma (n=5) were 24.5 and 20.5 months, respectively.

Table 1. Frequencies of lymphoma development in mice

. . No. of mice Tissues with tumor Histological analysis .
Mouse strains ~ No. of mice . Cell lineage
withtumor  Spleen  Liver Lymphnode CD45 B220 CD3
B6 7 1 + + + + + - B-cell
Mito-mice-ND6!3%%7 8 3 + - + + + - B-cell
+ - - + - + T-cell
+ + + + + - B-cell
Mito-mice-ND6!3%7 8 0
(NAC-treated)

Three tumors were of B-cell origin, expressing the B-cell ~ tion is an effective therapeutics to prevent lymphoma
maker B220, while one mito-mouse-ND613%7 developed ~ development caused by ROS overproduction. However,
T-cell lymphoma staining positive for the T-cell marker  further works using more numbers of animals than those
CD3 (Table 1). These data indicate that NAC administra-  used in this study are required to confirm this idea.
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A Liver

without lymphoma

with Iymphoma

Liver with lymphoma

HE CD45

B220 CD3

Fig. 2. Histological analyses for identification of lymphoma cells in the liver from mito-miceND63%77. (A) Hematoxylin
and eosin (HE) staining of the liver sections from mito-miceND6'3%7. HE staining of the liver sections was carried
out to identify tumor-like abnormalities in the liver. Left and right panels represent normal liver and liver with tumor-
like abnormalities, respectively. (B) Histological analysis of serial sections of the liver with tumor-like abnormali-
ties. HE, hematoxylin-eosin staining to show tumor formation; CD45, immunohistochemistry using antibody to
CDA45 to detect leukocytes; B220, immunohistochemistry using antibody to B220 to detect B cells; CD3, immuno-
histochemistry using antibody to CD3 to detect T cells. Because this tissue was stained positively with CD45 and
B220, but not with CD3, the results represent abnormal growth of B cell-lymphoma, but not T cell-lymphoma, in

the liver. (Scale bars, 200 gm).

Then, we examined the mechanism of frequent lym-
phoma development, which can be prevented by admin-
istration of an antioxidant to mito-mouse-ND63%7, Our
previous study showed that no tumors other than lym-
phoma were developed, and that ROS were overpro-
duced in bone marrow cells but not in splenocytes [9].
It is therefore likely that the ROS overproduction in the
bone marrow cells of mito-mouse-ND6'%%7 is crucial

for lymphoma development. Thus, we used bone marrow
cells to identify genes that would be responsible for fre-
quent lymphoma development in mito-mice-ND613%97,
and compared the expression of the genes related to
cancer pathway (transformation and tumorigenesis) be-
tween mito-mice-ND6!3%7 and B6 mice using PCR array
(Mouse Cancer Pathway Finder RT? Profiler PCR Array).
Because most mito-mice-ND613%%7 began to develop
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Fig. 3. Cancer related gene expression profiles of bone marrow
cells. RT? Profiler mouse cancer pathway finder PCR array
was performed on bone marrow cells. Two genes of 84
cancer pathway-related genes, Fas/ and Lig4, were dif-
ferentially expressed between bone marrow cells of B6
mice and mito-mice-ND613%7, However, only the Fas!
gene expression was reversibly regulated to normal levels
by administration of NAC. Values were normalized to a
pool of housekeeping genes on the array by AACt and are
reported as the fold change in gene expression relative to
healthy B6 bone marrow cells. Data are represented as
mean values with SD (n=3). *, P<0.05.

lymphoma 18 months after the birth, we used 15-month-
old male mice for this experiment to exclude the influ-
ence of the developed lymphoma cells.

Out of 84 cancer pathway-related genes represented
on Mouse Cancer Pathway Finder RT? Profiler PCR Ar-
ray (Supplemental table 1), only two genes, Fas/ and
Lig4 related to apoptosis and DNA repair, respectively,
were selected as genes being differentially expressed
between bone marrow cells of B6 and mito-mice-
ND6!3%7(Fig. 3). Then, we examined whether expression
levels of these genes can be changed to the levels of B6
mice by administration of NAC for 4 weeks to mito-
mice-ND6'3%%7. The results showed that Fas/ overexpres-

sion in mito-mice-ND6'3%%7 was suppressed to B6 levels
by NAC administration, while suppressed expression of
Lig4 levels did not restore to B6 levels (Fig. 3). These
results indicated the association of Fas/ overexpression
to frequent development of lymphoma in mito-mice-
ND613997

Discussion

This study addressed two important issues of whether
treatment of the mito-mice-ND6'3%°7 with an antioxidant
could be an effective therapeutics to prevent lymphoma
development mito-mice-ND6!3%%7_ and how ROS over-
production caused by G13997A mtDNA introduced from
highly metastatic lung carcinoma cells induces lym-
phoma development in mito-mice-ND613%7,

Concerning the first issue on the therapeutics of lym-
phoma development, the results in this study showed
that administration of NAC, one of the frequently used
antioxidants, is very effective to prevent lymphoma de-
velopment in mito-mice-ND6!3%%7, Our previous study
proposed the idea that ROS overproduction, but not
lactate overproduction, is responsible for frequent de-
velopment of lymphoma in mito-mice-ND6!3%7 with
G13997A mtDNA based on the observations that lym-
phoma was not developed in different mito-mice-COI%%?
that showed lactate overproduction but did not show
ROS overproduction [9]. If this idea is correct, it can be
predicted that administration of the antioxidants would
prevent lymphoma development in mito-mice-ND613%%7,
Current study examined this prediction and showed that
NAC administration is effective to prevent lymphoma
development caused by ROS in mito-mice-ND613%97,
However, further works are required to show that NAC
administration prevents ROS overproduction in bone
marrow cells of mito-mice-ND6!3%%7,

While NAC administration prevents lymphoma de-
velopment (Table 1), it also induced longevity in mito-
mice-ND613%7 (Fig. 1B). Median survival times of B6
mice, mito-mice-ND613%7, and NAC-treated mito-mice-
ND61397 were 25.8, 22.0, and 29.3, respectively
(Figs. 1A and B). The longer median survival times of
NAC-treated mito-mice-ND6!3%7 would not be due to
the prevention of lymphoma formation by NAC admin-
istration, because the median survival times of untreated
mito-mice-ND63%7 with and without lymphoma were
24.5 and 20.5, respectively, and were not different with
statistical significance (Fig. 1C). Since it appears to be
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controversial whether oxidative stress suppresses lon-
gevity or not [20, 25], we could not at present explain
why NAC administration induced longevity in mito-
mice-ND6!39%7, To examine this issue, we have to carry
out NAC administration not only to mito-mice-ND6G!3%%7
but also to B6 mice using more numbers of animals.

Concermning the second issue of how ROS overproduc-
tion caused by G13997A mtDNA induced lymphoma
development, this study showed that overexpression of
Fasl is related the process, because its overexpression
in mito-mice-ND6'3%%7 was suppressed to normal levels
by NAC administration (Fig. 3). Given that natural-
killer (NK) cells mediate the apoptosis of various tumor
cells via the expression of genes encoding tumor necro-
sis factor-family ligands including the Fas/ gene [22], it
would not be conceivable that its overexpression is re-
sponsible for lymphoma development. Probably, over-
expression of the Fas/ gene in NK cells simply reflects
the progress of the frequent lymphoma development in
bone marrow cells of mito-mice-ND6!3%7. Therefore,
we could not at present explain the mechanisms of how
ROS overproduction induces frequent lymphoma devel-
opment in aged mito-mice-ND6'3%7.

Then, a question is why mito-mice-ND6'3%7 prefer-
entially develop lymphoma [9] (Table 1), even though
ROS induces various types of cellular damages, leading
to genomic instability that can result in the development
of various types of tumors [15]. One answer to this ques-
tion would be that nuclear genetic background of B6
strain we used for generation of mito-mice-ND613%97 js
prone to develop lymphoma [3, 8, 17]. Based on these
observations, we would like to propose an idea that
G13997A mtDNA alone would not induce lymphoma
development in the absence of B6 nuclear genetic back-
ground. To examine this idea, we are going to generate
new mito-mice-ND6!3%7 carrying G13997A mtDNA but
carrying different nuclear genetic background derived
from different mouse strains that are not prone to de-
velop lymphoma by backcrossing female mito-mice-
ND6!3%97 to males from different mouse strains.
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ABSTRACT

The mitochondrial outer membrane protein mitoNEET is a binding
protein of the insulin sensitizer pioglitazone (5-[[4-[2-(5-ethylpyridin-
2-yhethoxy]phenyljmethyl]-1,3-thiazolidine-2,4-dione) and is con-
sidered a novel target for the treatment of type Il diabetes. Several
small-molecule compounds have been identified as mitoNEET
ligands using structure-based design or virtual docking studies.
However, there are no reports about their therapeutic potential in
animal models. Recently, we synthesized a novel small molecule,
TT01001 [ethyl-4-(3-(3,5-dichlorophenyl)thioureido)piperidine-
1-carboxylate], designed on the basis of pioglitazone structure. In
this study, we assessed the pharmacological properties of TT01001
in both in vitro and in vivo studies. We found that TT01001 bound to
mitoNEET without peroxisome proliferator-activated receptor-y

activation effect. In type Il diabetes model db/db mice, TT01001
improved hyperglycemia, hyperlipidemia, and glucose intolerance,
and its efficacy was equivalent to that of pioglitazone, without the
pioglitazone-associated weight gain. Mitochondrial complex It + il
activity of the skeletal muscle was significantly increased in db/db
mice. We found that TT01001 significantly suppressed the elevated
activity of the complex Il + lll. These results suggest that TT01001
improved type Il diabetes without causing weight gain and ame-
liorated mitochondrial function of db/db mice. This is the first study
that demonstrates the effects of a mitoNEET ligand on glucose
metabolism and mitochondrial function in an animal disease model.
These findings support targeting mitoNEET as a potential thera-
peutic approach for the treatment of type Il diabetes.

Introduction

Thiazolidinedione (TZD) derivatives, such as pioglitazone
(5-[[4-[2-(5-ethylpyridin-2-yl)ethoxy]phenyllmethyl]-1,
3-thiazolidine-2,4-dione) and rosiglitazone, are potent insulin
sensitizers for the treatment of type II diabetes (Ahmadian
et al., 2013). These ligands decrease serum triglycerides, free
fatty acids, and inflammatory adipocytokines, such as tumor
necrosis factor-o and interleukin-6, and increase the insulin-
sensitizing hormone adiponectin by activating peroxisome
proliferator-activated receptor-y (PPARy) (Kadowaki et al.,
2006; Quinn et al., 2008). These various effects of TZD deriv-
atives via the activation of PPARy lead to the improvement of
insulin resistance and glycemic parameters. Meanwhile, clin-
ical side effects, such as weight gain or edema, are frequently
observed in patients with type II diabetes treated with TZD
derivatives and are attributed to PPARy activation (Tang and
Maroo, 2007; Borsting et al., 2012). Therefore, the clinical use
of TZD derivatives has been limited in patients with heart
failure or a past history of heart failure or renal dysfunction
(Nissen and Wolski, 2007).

dx.doi.org/10.1124/jpet.114.220673.
[S] This article has supplemental material available at jpet.aspetjournals.org.

Mitochondria are known as the intracellular powerhouse
of cells, and mitochondrial dysfunction is involved in a broad
spectrum of diseases, both inherited and acquired (Andreux
et al., 2013). In type II diabetes, many studies have focused on
the association between the pathology of diabetes and mito-
chondrial dysfunction. Lower oxidative phosphorylation capac-
ity was observed in muscle biopsy samples of patients with type
II diabetes compared with those of healthy individuals (Kelley
et al., 2002; Phielix et al., 2008; Ritov et al., 2010). The frequent
reduction of mitochondrial contents was also shown in patients
with type II diabetes (Hwang et al., 2010; Chomentowski et al.,
2011). These reports indicate that mitochondrial function plays
a key role in the pathology of type II diabetes. Recently, several
reports have suggested that the TZD derivative pioglitazone
directly influences mitochondrial function. For example,
pioglitazone inhibits rat mitochondrial complex I activity in the
liver and skeletal muscle tissue, indicating that alterations of cel-
lular energy state by pioglitazone may contribute to the improve-
ment in insulin sensitivity (Brunmair et al., 2004). Pioglitazone
also increases the levels of the mitochondrial biogenesis reg-
ulator protein peroxisome proliferator-activated receptor-y
coactivator-la (PGC-1a) in the skeletal muscle of db/db mice
(Pagel-Langenickel et al., 2008). In patients with type II dia-
betes, pioglitazone treatment increases both mitochondrial

ABBREVIATIONS: DMSO, dimethyl sulfoxide; mtDNA, mitochondrial DNA; OGTT, oral glucose tolerance test; PCR, polymerase chain reaction;
PPARy, peroxisome proliferator-activated receptor-y; RU, resonance unit; SPR, surface plasmon resonance; TR-FRET, time-resolved fluorescence
resonance energy transfer; TT01001, ethyl-4-(3-(3,5-dichlorophenyljthioureido)piperidine-1-carboxylate; TZD, thiazolidinedione.
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DNA (mtDNA) copy numbers and the expression of PGC-1« in
subcutaneous adipose tissue (Bogacka et al., 2005). These ef-
fects of pioglitazone are speculated to be independent of PPARy
activation (Feinstein et al., 2005). The mitochondrial outer
membrane protein mitoNEET was identified as a novel binding
protein of pioglitazone and has been considered a new target
for type II diabetes therapies (Colca et al., 2004). Although the
physiologic role of mitoNEET remains unclear, it is likely to
modulate glucose metabolism or mitochondrial function. The
mitochondria isolated from the heart of mitoNEET-deficient
mice showed a decrease in state 3 respirations (Wiley et al.,,
2007). Overexpression of mitoNEET inside the adipose cell in
genetic type II diabetic model ob/ob mice improved glycemic
parameters and altered mitochondrial functions (Kusminski
et al., 2012). Suppressed expression of mitoNEET in vitro de-
creased mitochondrial abilities (Sohn et al., 2013). Interestingly,
the ligand for mitoNEET, NL-1, suppresses rotenone-induced
toxicity in neuronal cells and mildly uncouples mitochondria
(Geldenhuys et al., 2010). Other ligands for mitoNEET have also
been reported by use of virtual docking studies (Bieganski and
Yarmush, 2011). However, the in vivo effects of glucose me-
tabolism or mitochondrial function have not been clarified for
these mitoNEET ligands. Recently, we newly synthesized
TT01001 [ethyl-4-(3-(3,5-dichlorophenyl)thioureido)piperidine-
1-carboxylate], an orally active, small molecule that is designed
on the basis of the pioglitazone structure. In this study, we
first assessed the in vitro pharmacological profile of TT01001
with PPARy activity and mitoNEET binding. Next, we ex-
amined the in vivo effects of TT01001 on diabetes and mito-
chondrial function using the type II diabetes murine model, db/db
mice.

Materials and Methods

Chemicals. The TT01001 (Fig. 1) was synthesized by the Pharma-
ceutical Laboratories, Toray Industries, Inc. (Kanagawa, Japan).
Pioglitazone was purchased from Kemprotec Limited (Middlesbrough,
Cambria, UK). All compounds were dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO) for in vitro studies, or sus-
pended in 0.5% (w/v) methyl cellulose (Nacarai Tesque, Kyoto, Japan)
for in vivo studies.

Protein Expression and Purification. The protein expression
and purification of the soluble human mitoNEET was performed as
described previously with slight modification (Zuris et al., 2011). The
gene of human mitoNEET (human kidney ¢cDNA; Clontech, Mountain
View, CA) was amplified by polymerase chain reaction (PCR) and
cloned to the pCI-neo vector (Promega, Osaka, Japan). The fragment
of mitoNEET encoding residues 33-108 was inserted into the pET-
28b (+) vector (Novagen, Madison, WI) via the Ndel and Xhol sites,
and the expression vector was introduced into Escherichia coli BL21
(DE3) cells. The mitoNEET protein was induced by the histidine-tagged
protein by adding isopropyl-1-thio-3-p-galactoside (final concentration,

N

@)

A
Cl HNQ 0

Cl N/J\S
H

Fig. 1. Chemical structure of TT01001.
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0.5 mmol/l) and culturing for 4 hours at 37°C. The E. coli pellets were
collected and lysed by sonication in buffer A [50 mM Tris-hydrochloride
(HCD) (pH 8.0), 250 mM NaCl, 5 mM imidazole] with 1 mM phenyl-
methylsulfonyl fluoride. The clarified supernatant was loaded onto
a HisTrap HP (GE Healthcare, Tokyo, Japan) column pre-equilibrated
with buffer A. The column was washed with buffer A, containing 100 mM
imidazole, and the histidine-tagged mitoNEET protein was eluted with
buffer A, containing 500 mM imidazole. To remove the histidine tag,
the protein solution was incubated with restriction-grade thrombin
(Novagen) for 6 hours at room temperature. The solution was loaded
onto a HiTrap-Benzamidine tandem column (HisTrap HP and HiTrap
Benzamidine FF; GE Healthcare), and the column was washed with
the buffer containing 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, and 100 mM
imidazole. The flow-through and washing fractions were collected,
and the protein was purified by size exclusion chromatography (HiLoad
16/60 Superdex 200 prep grade; GE Healthcare) in 50 mM Tris-HCl
(pH 8.0), 50 mM NaCl.

Time-Resolved Fluorescence Resonance Energy Transfer
Assay. The PPARy activation effect was assessed by the time-resolved
fluorescence resonance energy transfer (TR-FRET) method using the
LanthaScreen TR-FRET PPARYy coactivator assay kit (Invitrogen, Carlsbad,
CA). The test compounds or solvent vehicle (DMSO) were incubated
together with the human PPARy ligand-binding domain tagged with
glutathione S-transferase, terbium-labeled anti—glutathione S-transferase
antibody, and fluorescein peptide with assay buffer. When binding of the
test compound caused a conformational change in the PPARy ligand-
binding domain, excitation of terbium at 340 nm resulted in energy
transfer and excitation of the fluorescein peptide, followed by emission
at 520 nm. The signal at 520 nm was normalized by the signal obtained
at 495 nm. Each assay was performed in quadruplicate and the data
were expressed as the mean ratios of 520 and 495 nm. The mean ratios
were plotted against the concentration of the test compounds.

Surface Plasmon Resonance Interaction Analysis. The sur-
face plasmon resonance (SPR) measurements were carried out by the
Biacore S51 instrument (Biacore AB, Uppsala, Sweden). The mitoNEET
protein was immobilized onto the sensor chip (CM-5; GE Healthcare)
using the amine coupling method. Different concentrations of TT01001
1,2, 4, 8, and 20 umol/l) and pioglitazone (0.3, 0.6, 1.3, 2.5, and 5.0 umol/1)
were injected for 60 seconds at a flow rate of 30 ul/min. The resonance
unit (RU) curves were normalized by the reference surface and no-
response concentration using S51 evaluation software (GE Healthcare).

Animals and Administration of Compounds. This study was
reviewed by the Animal Care and Use Committee, approved by the head
of the test facility, and performed in accordance with the Guidelines
for Animal Experiments, Research and Development Division, Toray
Industries, Inc. Male, 5-week-old mice of C57BL/6J and BKS.Cg-+
Lepr™/+Lepr™ (db/db) were obtained from CLEA Japan, Inc. (Tokyo,
Japan). All mice were group-housed in cages at 22-24°C with a 12-hour
light/dark cycle (lights on at 7:00 AM) for 1 week before the experiments
began. Mice were given ad libitum access to food and water. In db/db
mice, the vehicle (0.5% methyl cellulose) or test compounds were orally
administered once daily for 28 days. The vehicle was also given to
CHTBL/6J mice orally once daily for 28 days.

Analysis of Blood Glucose, Glucose Intolerance, and Plasma
Parameters. We obtained whole blood samples (approximately 5 ul)
from the tail vein under postprandial conditions and measured blood
glucose with an automatic glucometer (Precision Exceed; Abbott Di-
abetes Care Ltd., Alameda, CA) on day 27 before final dosing. On day 28,
we determined fasting blood glucose levels and performed oral glucose
tolerance tests (OGTTs) under 18-hour fasting conditions. Blood glucose
concentrations were quantified before and after glucose loading (1.5 g/kg
p.o.) at different time points (0, 30, 60, 90, 120, 150, and 180 minutes) by
the aforementioned method. On day 28, for plasma sampling, we also
placed the mice under isoflurane anesthesia and collected whole blood
from the inferior vena cava under postprandial conditions. Plasma
samples were obtained by centrifugation at 3000 rpm at 4°C for
10 minutes. Plasma insulin and nonesterified fatty acid levels were
determined by enzyme-linked immunosorbent assay (Shibayagi, Gunnma,
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Japan) and the colorimetric method (Wako Pure Chemical Industries,
Osaka, Japan).

mtDNA Determination by Quantitative Real-Time PCR. We
sacrificed vehicle or test compound-treated mice on day 28 by bleeding
under anesthesia, rapidly removed the skeletal muscle (soleus and
gastrocnemius muscle), and immediately froze it with liquid nitrogen.
We isolated total DNA from the skeletal muscle using the QIAamp
DNA Mini Kit (QIAGEN, Valencia, CA). The mtDNA level was quan-
tified using the TagMan gene expression assay system (Applied Bio-
systems, Foster City, CA). The PCR reaction was carried out in a 20 ul
volume containing 2x TagMan Universal Master Mix (Applied Bio-
systems), PCR-grade water (Roche Diagnostic Japan, Tokyo, Japab),
TagMan probes for the D-loop and thymidine kinase 1 regions, and the
total DNA sample. The TagMan probe sequence is shown in Sup-
plemental Table 1. We conducted PCR amplification with 40 cycles of
the program at 95°C for 20 seconds, 95°C for 3 seconds, and 60°C for
30 seconds. Each sample was assayed in duplicate and the fluorescence
spectra were continuously monitored by the 7500 Fast Real-Time PCR
system with Sequence Detection Software, version 1.4 (Applied
Biosystems/Life Technologies, Carlsbad, CA). Data analysis was based
on measurement of the cycle threshold (Cy). The mtDNA copy number
was determined from the standard curve and normalized by division of
the D-loop value by the thymidine kinase 1 value. The data were
expressed as relative values against the mtDNA level in C57BL/6J mice
and shown as mean *= S.E.M.

Isolation of the Mitochondrial Fraction. We obtained skeletal
muscle from the sacrificed mice and homogenized it with homogeniz-
ing buffer (0.2 M sucrose, 0.13 M NaCl, 1.0 mM Tris-HCL, pH = 7.4)
on ice. The homogenized sample was centrifuged at 3000 rpm for
10 minutes at 4°C and the supernatant was again centrifuged at
14,000 rpm for 10 minutes. The supernatant was removed and the
pellet (.e., the mitochondrial fraction) was dissolved in 0.25 M
sucrose. The mitochondrial fraction was frozen and thawed twice to
assess mitochondrial respiratory chain enzyme activity.

Measurement of Mitochondrial Respiratory Chain Enzyme
Activity. To evaluate the short-duration effect of the test compounds
on mitochondrial function, we assessed respiratory chain enzyme
activity of the skeletal muscle mitochondrial fraction in db/db mice.
Moreover, the mitochondrial function of compound-treated db/db
mice was used to evaluate the chronic effect of test compounds on
mitochondrial function. The assay was conducted as described previously,
with slight modifications (Spinazzi et al., 2012). The reaction was carried
out in 200 ul volume and detected by a microplate reader (SpectralMax
190; Molecular Devices, Sunnyvale, CA). The test compounds or DMSO
were directly added to the reaction buffer (final concentration of DMSO
was 1%) to assess the short-duration effects of the test compounds.
Mitochondrial complex specific inhibitor, rotenone, malonate, and KCN
were used as the reference compounds. Citrate synthase activity was
measured as follows. The mitochondrial fraction was incubated in buffer
containing 0.1 mM 5,5'-dithiobis(2-nitrobenzoic acid) and 0.3 mM acetyl-
CoA at 37°C for 5 minutes. The reaction was started by adding 0.5 mM
oxaloacetic acid, and then we monitored the increase in absorbance at
412 nm for 3 minutes. Complex I + IIT and IT + IIT activities were mea-
sured by reduction of oxidized cytochrome ¢ at an absorbance of 550 nm.
In complex I + IT activity, 50 mM Tris-HCI, 1 mM KCN, 0.1 mM NADH,
and 0.1 mM oxidized cytochrome ¢ were incubated at 37°C for 5 minutes.
The reaction was started by adding the sample, and the absorbance was
observed for 3 minutes. In complex II + III activity, 5 mM potassium
phosphate buffer, 2 mM KCN, 10 mM sodium succinate dibasic, and the
sample were incubated at 37°C for 10 minutes. The reaction was started
by adding 0.1 mM oxidized cytochrome ¢, and the absorbance change was
observed for 3 minutes. Complex IV activity was measured by oxidation of
reduced cytochrome ¢ in absorbance at 550 nm. Reduced cytochrome ¢ was
prepared as described previously (Spinazzi et al., 2012). We incubated
5 mM potassium phosphate buffer and reduced cytochrome ¢ at 37°C
for 5 minutes. The reaction was started by adding the sample, and
the absorbance change was observed for 3 minutes. The results of complex
I+ IIL, I + I, and IV activities were normalized by citrate synthase
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activity. Because of the variability of citrate synthase activity in each sample,
respiratory chain enzyme activities were also normalized to each protein
concentration. Data were expressed as relative values against vehicle-
treated C57BL/6J mice enzyme activities and shown as mean = S.E.M.
Data and Statistical Analyses. All data were expressed as mean
+ S.EM. We calculated the areas under the curves using the
trapezoidal rule from the blood glucose in the OGTT in C57BL/6J or
db/db mice. We performed the statistical analysis using one-way
analysis of variance followed by Dunnett’s multiple comparison in three
groups. A P value of < 0.05 was considered statistically significant.

Resulis

TT01001 Did Not Activate PPARy but Interacted
with MitoNEET. To evaluate the pharmacological properties
of TT01001, we first examined the PPARy activation effect by
the TR-FRET method. No change in TR-FRET emission signal of
TT01001 was seen in the concentration range of 0.001-100 pmol/l.
On the other hand, pioglitazone increased the TR-FRET emis-
sion signals in a concentration-dependent manner (Fig. 2A).
Next, to evaluate the binding effect of TT01001 for mitoNEET,
we assessed the effect of TT01001 on mitoNEET protein by
the SPR method using the Biacore instrument. The injec-
tion of TT01001 onto immobilized mitoNEET increased
the RU in a concentration-dependent manner (1, 2, 4, 8, and
20 pmol/l) (Fig. 2B). Pioglitazone also increased the RU in
a concentration-dependent manner (0.3, 0.6, 1.2, 2.5, and
5.0 umol/l) (Fig. 2C).

TT01001 Improved Diabetes in db/db Mice without
Causing Weight Gain. We next evaluated whether TT01001
could exhibit an ameliorative effect on glycemic parameters in
vivo. We orally administered either TT01001 (100 mg/kg) or
pioglitazone (30 mg/kg) to a genetically obese rodent model,
db/db mice, once daily for 28 days. There was no effect of
TT01001 on body weight, but it was increased by pioglitazone
in a duration-dependent manner (Fig. 3A). On day 24, there
were no body weight changes in TT01001-treated db/db mice;
meanwhile, there was a significant increase in body weight in
pioglitazone-treated db/db mice compared with vehicle-treated
db/db mice (Fig. 3B). As for glycemic parameters, TT01001 treat-
ment significantly decreased blood glucose levels (postprandial
and fasting) (Fig. 3, C and D). During the OGTT, blood glucose
levels were lower in TT01001-treated db/db mice than in
vehicle-treated db/db mice at all measurement points (Fig. 3E).
Glucose areas under the curve (0-180 minutes in OGTT) were
significantly decreased in TT01001-treated db/db mice (Fig. 3F).
In the plasma parameters of vehicle-treated db/db mice, a sig-
nificant decrease was seen in the relative value of the endpoint
of insulin concentration against the beginning of dosage com-
pared with C57BL/6J mice. Neither TT01001 nor pioglitazone
affected the plasma insulin levels (Fig. 3G). With regard to
dyslipidemia, vehicle-treated db/db mice exhibited hyperlip-
idemia compared with C57BL/6J mice. There were significantly
lower plasma nonesterified fatty acid levels in TT01001-
treated db/db mice, similar to the changes seen with pioglita-
zone (Fig. 3H).

Effect of TT01001 on mtDNA Levels and Mitochondrial
Respiratory Chain Enzyme Activity. To reveal the effect
of TT01001 on mitochondrial function, we examined the
effects on mtDNA levels and mitochondrial respiratory chain
enzyme activity in the skeletal muscle. The mtDNA level was
significantly decreased in vehicle-treated db/db mice compared
with that in C57BL/6J mice. Meanwhile, there were no differences
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Fig. 2. TT01001 did not activate PPARy but interacted with mitoNEET.
The activity of PPARy was assessed by the TR-FRET method using the
LanthaScreen TR-FRET PPARYy coactivator assay kit (Invitrogen). TT01001
or pioglitazone (PIO) was incubated with the human PPARy ligand-binding
domain tagged with glutathione S-transferase, terbium-labeled anti-glutathione
S-transferase antibody, and fluorescein peptide. Each line is expressed
as a mean emission ratio of 520 and 495 nm (N = 4). (A) The interaction of
TT01001 and PIO was determined by the SPR method using Biacore S51
(Biacore AB). Different concentrations of TT01001 or PIO were injected
onto the immobilized mitoNEET on a sensor chip (CM-5; GE Healthcare)
for 60 seconds at a flow rate of 30 u¥/min. Each line indicates the RU curves of
B) 1, 2,4, 8, and 20 wmol/1 TT01001 and (C) 0.3, 0.6, 1.2, 2.5, and 5.0 umol/,
PIO, respectively.

in the mtDNA level of TT01001- or pioglitazone-treated db/db
mice (Fig. 4). In addition to analyzing the mtDNA levels, we
examined mitochondrial chain enzyme activity, and complex
I+ IIL, II + II1, and IV activity in db/db mice. First, we examined
the short-duration effect of the test compounds on the mitochon-
drial respiratory chain enzyme activity of the skeletal muscle in
db/db mice. There were no alterations in complex I + IT, IT + III,
and IV activities with either TT01001 or pioglitazone (10 or
30 pmol/l, respectively) (Fig. 5, A—C). We next examined the
chronic effects of the test compounds on mitochondrial respira-
tory chain enzyme activity in the skeletal muscle of db/db mice.
There was no change in complex I + III or IV activity of vehicle- or
test compound—treated db/db mice compared with C57BL/6J mice
(Fig. 6, A and C). Meanwhile, complex IT + III activity was ap-
proximately 2-fold higher in vehicle-treated db/db mice than in
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C57BL/6J mice (Fig. 6B). We found that TT01001 significantly
decreased elevated complex I + III activity compared with that in
vehicle-treated mice.

Novel MitoNEET Ligand Improves Diabetes

Discussion

The mitochondrial outer membrane protein mitoNEET, a
binding protein of the insulin sensitizer pioglitazone, is con-
sidered a novel drug target for the treatment of type II diabetes
(Colca et al., 2004). Kushiminski et al. (2012) demonstrated that
the overexpression of mitoNEET in adipose tissues improved
glycemic parameters, altered mitochondrial function, and de-
creased B-oxidation or membrane potentials. That report sug-
gested an in vivo physiologic role of mitoNEET in glucose
metabolism or mitochondrial function. On the other hand, al-
though targeting mitoNEET is considered a novel strategy for
the treatment of type 11 diabetes; there were no reports on the
mitoNEET ligand effect on diabetes or mitochondrial function
using animal disease models. In this study, we demonstrated
the first experimental observation of the effects of the mitoNEET
ligand on diabetes and mitochondrial function in type II diabetic
model db/db mice.

Recently, we synthesized a new small-molecule compound
called TT01001 on the basis of the pioglitazone structure.
Pioglitazone has been known as a PPARy agonist (Lehmann
et al., 1995), thus we first examined the PPARy activation
effect of TT01001. TT01001 did not change TR-FRET emission
signal; meanwhile, pioglitazone showed the increase of TR-FRET
emission signal in a concentration-dependent manner. These
results suggest that TT01001 did not show the activation effect
of PPARy. We next assessed the binding effect of TT01001 to
mitoNEET by using recombinant mitoNEET and the SPR
method. TT01001 increased the RU in a concentration-dependent
manner, similar to pioglitazone on the immobilized recombi-
nant mitoNEET. Previously, the binding effect of pioglitazone
to mitoNEET was observed using liver mitochondrial suspen-
sion (Geldenhuys et al., 2010). Therefore, our SPR data suggest
that TT01001 has a binding effect on mitoNEET. Collectively,
TT01001 has in vitro pharmacological characteristics similar
to the mitoNEET binding effect, but not a PPARy activation
effect.

To clarify whether oral administration of TT01001 could
exhibit an ameliorative effect on diabetes, we examined the
effects of TT01001 on glycemic parameters in db/db mice. Oral
administration of TT01001 for 28 days significantly reduced
blood glucose levels (postprandial and fasting) and improved
glucose intolerance and hyperlipidemia, but not plasma in-
sulin levels. These effects of TT01001 were almost equivalent
to those of pioglitazone, indicating that TT01001 has a potent
antidiabetic effect. Pioglitazone improves hyperglycemia and
hyperlipidemia of db/db mice via an insulin-sensitizing effect on
peripheral tissues (Suzuki et al., 2000). Thus, our data suggest
that TT01001 improved peripheral glucose and lipid utilization
in a manner similar to pioglitazone. In contrast to the apparent
effects on glucose metabolism, pioglitazone significantly in-
creased body weight in db/db mice. Weight gain is one of the
major side effects of pioglitazone in clinical use (Gillies and
Dunn, 2000), and it is attributed to pioglitazone’s enhance-
ment of PPARYy activation (Borsting et al., 2012). Therefore,
weight gain in pioglitazone-treated db/db mice is considered a
hallmark side effect of pioglitazone in clinical use. Interest-
ingly, TT01001 has equivalent efficacy with pioglitazone on
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Fig. 3. TT01001 improved diabetes in db/db mice without causing weight gain. The vehicle (0.5% methyl cellulose), TT01001 (100 mg/kg), or
pioglitazone (PIO; 30 mg/kg) were orally administered to db/db mice once daily for 28 days. The vehicle was also orally administered to C57BL/6J mice.
The courses of (A) body weight (N = 14), (B) body weight on day 24 (N = 14), (C) postprandial blood glucose levels (N = 14), (D) fasting blood glucose levels
(IV = 8), (E) blood glucose levels during the OGTT (N = 8), (F) blood glucose areas under the curves (0—180 minutes) (N = 8), (G) ratio of plasma insulin
concentration between the beginning of dosage and end of dosage (N = 6), and (H) plasma concentration of nonesterified fatty acid (V = 6) are shown as
means *+ SEM. *P < 0.05; **P < 0.01 compared with the vehicle-treated db/db mice by Dunnett’s multiple test.
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Fig. 4. TT01001 and pioglitazone (PIO) did not affect the mtDNA level in
the skeletal muscle of db/db mice. The vehicle (0.5% methyl cellulose),
TT01001 (100 mg/kg), or PIO (30 mg/kg) was orally administered to db/db
mice once daily for 28 days. The vehicle was also orally administered to
C57BL/6J mice. The mtDNA levels were determined by quantitative real-
time PCR. Data are shown as means of the mtDNA ratio against C57BL/6J
mice = S.E.M. #*P < 0.01 compared with the vehicle-treated db/db mice by
Dunnett’s multiple test (N = 6 animals per group).

glycemic parameters, whereas it has no effect on body weight in
db/db mice. As the possible reason for this phenomenon, al-
though TT01001 bound to mitoNEET in a manner similar to
pioglitazone, it did not exhibit the PPARy activation effect.
Taken together, TT01001 has therapeutic efficacy equivalent
to the insulin-sensitizer pioglitazone without causing weight
gain in db/db mice.

Isolated heart mitochondria of mitoNEET-deficient mice
show a decrease in state 3 respirations (Wiley et al., 2007).
The overexpression of mitoNEET in genetic type II diabetic
model ob/ob mice showed the alteration of mitochondrial
functions (Kusminski et al., 2012). These reports may indicate
that mitoNEET plays a physiologic role in mitochondrial
function. To examine the effects of TT01001 on mitochondrial
function, we first examined the effect of TT01001 on mitochon-
drial biogenesis in the skeletal muscle, which is a major target
organ of insulin and plays an essential role in glucose utili-
zation (DeFronzo et al., 1979) in db/db mice. We observed sig-
nificantly lower levels of mtDNA in vehicle-treated db/db
mice compared with C57BL/6J mice. Since the mtDNA level is
closely related to the pathology of type II diabetes (Lee et al.,
1998; Song et al., 2001), decreased mtDNA levels in the skeletal
muscle of vehicle-treated db/db mice were considered an al-
teration of mitochondrial function. However, we did not find
that TT01001 and pioglitazone affected the mtDNA level in the
skeletal muscle of db/db mice. A previous study showed that
pioglitazone increased mtDNA copy numbers in the subcuta-
neous adipose tissue of patients with type II diabetes for
12 weeks after administration (Bogacka et al., 2005). Although
the effects of TT01001 and pioglitazone on the mtDNA levels in
adipose tissue are unknown, they may have no effect on the
amount of mtDNA in skeletal muscle during an administration
period of this length. Collectively, these data suggest that
TT01001, at least in the skeletal muscle, did not have an effect
on mitochondrial biogenesis.

In the mitochondrial respiratory chain enzyme activity as-
say, TT01001 did not affect complex I + III, IT + III, or IV
activity of the isolated mitochondrial fraction of the skeletal
muscle from db/db mice during a short time period. On the other
hand, in a chronic examination, TT01001 led to a significant
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Fig. 5. TT01001 and pioglitazone (PIO) did not affect mitochondrial
respiratory chain enzyme activity during a short time period. DMSO,
TTO01001, or PIO was applied to the skeletal muscle mitochondrial fraction
of db/db mice, and mitochondrial respiratory chain enzyme activity was
measured by complex (A) I + III, (B) complex II + III, and (C) complex IV
activities. Complex activity was normalized by citrate synthase activity in
each sample. Mitochondrial complex-specific inhibitor, rotenone, malonate,
and KCN were used as the reference compounds. Each assay was performed
in triplicate and the data are shown as the means of ratios against the
control (DMSO treatment) = S.E.M. Incubation times of TT01001 and PIO
are 5 minutes for the complex I + III and complex IV activity assays and
10 minutes for the complex II + III activity assay, respectively.

reduction in the increase of complex II + III activity without
having an effect on complex I + IIT or IV activity in the skeletal
muscle of db/db mice. In db/db mice, mitochondrial respiration
of the glycolytic skeletal muscle is enhanced under physiologic
conditions (Holmstrém et al., 2012). Excess lipid increased the
oxidative capacity and expression level of the mitochondrial
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Fig. 6. TT01001 decreased elevated complex I + III activity in db/db mice.
The vehicle (0.5% methyl cellulose), TT01001 (100 mg/kg), or pioglitazone
(PIO; 30 mg/kg) was orally administered to db/db mice once daily for
28 days. The vehicle was also orally administered to C57BL/6J mice. The
mitochondrial fraction was isolated from vehicle- or compound-treated
mice, and mitochondrial respiratory chain enzyme activity was measured
by (A) complex I + III, (B) complex IT + ITI, and (C) complex IV activities. The
data are shown as the means of ratios against vehicle-treated C57BL/6J
mice = S.E.M. #*P < 0.05, #*P < 0.01 compared with the vehicle-treated db/db
mice by Dunnett’s multiple test (N = 6 animals per group).

PIO

respiratory chain subunit in the skeletal muscle of db/db mice
(Turner et al., 2007). Possibly, as a result of enhanced complex
II + IIT activity in db/db mice this might indicate that it is a
compensatory response to diabetic conditions, hyperglycemia,
or hyperlipidemia. The skeletal muscle mitochondrial complex
II has been reported to produce superoxide and/or hydrogen
peroxide at relatively high rates (Quinlan et al., 2012). Ac-
cordingly, we speculate that compensatory enhanced complex
II + III activity leads to high production of superoxide and/or
hydrogen peroxide, and they, at least in part, contribute to type II

diabetes conditions in db/db mice. It is possible that mitoNEET
contributes to modulating oxidative stress via transferring iron
into the mitochondrial matrix (Zuris et al., 2011). TT01001
might ameliorate mitochondrial function toward normalization
through the modulation of oxidative stress in the skeletal muscle
of db/db mice. Therefore, mitoNEET may be a key regulatory
protein of mitochondrial function, especially respiratory chain
enzyme complex IT or oxidative stress modulation. On the other
hand, it was not clear how TT01001 suppressed the increase
in complex II + IIT activity with no effect on mitochondrial
biogenesis or complex I + III and IV activity. The practical
concentration of TT01001 in target tissues and the binding
affinity of it to mitoNEET have been unknown. Thus, a detailed
analysis of mitoNEET on type Il diabetes or mitochondrial
function and pharmacokinetics-pharmacodynamics profiles of
TT01001 is needed to elucidate the mechanism of action of
TT01001. Further examination might identify the physiologic
role of mitoNEET in type II diabetes or mitochondrial function.

In conclusion, our results show that the orally active, small-
molecule TT01001 showed binding affinity for mitoNEET without
a PPARy activation effect. It improved diabetes and ameliorated
mitochondrial function in the skeletal muscle of db/db mice. This
is the first study that demonstrates the effects of a mitoNEET
ligand on glucose metabolism and mitochondrial function in a
type II diabetic animal model. Although further study is needed
to clarify the physiologic role of mitoNEET in diabetes and mi-
tochondrial function, our data suggest that the alteration of
mitochondrial function via mitoNEET may be valuable for the
treatment of type II diabetes. Finally, this study would support
targeting mitoNEET as a useful therapeutic approach for the
treatment of type II diabetes.
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