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ABSTRACT

Aging is characterized by a reduced ability to defend against stress, an inability to maintain homeostasis, and an
increased risk of disease. In this study, a metabolomics approach was used to identify novel metabolic
pathways that are perturbed in a mouse model of accelerated aging (SAMP1/kl-/-) and to gain new insights into
the metabolic associations of the metformin derivative HL156A. Extensive inflammation and calcification were
observed in the tissues of the SAMP1/kl-/- mice with premature aging. In mouse embryonic fibroblasts (MEFs)
obtained from SAMP1/kl-/- mice, we observed that HL156A induced FOXO1 expression through inhibition of
the IGF-1/AKT/mTOR signaling pathways. Treatment of HL156A decreased reactive oxygen species production
and enhanced mitochondrial transmembrane potential in SAMP1/kl-/- MEFs. A metabolomic profile analysis
showed that HL156A increased the GSH/GSSG ratio in the kidneys of SAMP1/kl-/- mice (8-12 weeks old). In
addition, treating SAMP1/kl-/- mice with HL156A (30 mg/kg) for 4 weeks improved survival and decreased the
significant elevation of oxidized GSH (GSSG) that was observed in SAMP1/kl-/- mice. In histological sections,
HL156A administered SAMP1/kl-/- mice exhibited a decrease in excessive calcification. Based on these findings,
we conclude that the new metformin derivative HL156A may inhibit oxidative damage by inducing glutathione
metabolism and antioxidant pathways.

INTRODUCTION shortened life span. Conversely, klotho overexpression

extended the life span and rescued aging disorders [2].
Aging is a multifactorial phenomenon that involves the Recent studies have revealed that the membrane-bound
accumulation of diverse metabolic changes and form of klotho acts a coreceptor for fibroblast growth
consequential damage at the cellular, tissue and factor 23 (FGF23), which is required for the
organismal levels, resulting in functional losses and an biosynthesis of vitamin D and phosphate reabsorption,
increased probability of diseases [1]. whereas secreted klotho functions as a humoral factor in

various intracellular signaling pathways [4, 5],
The klotho protein plays a critical role in regulating including the insulin/insulin-like growth factor-1
aging and the development of age-related diseases in (insulin/IGF-1), protein kinase C, cCAMP, p53/p21,
mammals [2, 3]. Deficiency of klotho caused an transforming growth factor (TGF)-Bl and Wnt
extensive premature aging phenotype that manifested as pathways [6, 7]. Klotho is also known to play an
osteoporosis, skin atrophy, ectopic calcification, important role in renal function [8]. A previous report
impaired bone mineralization, neurodegeneration and a showed that Klotho decreased apoptosis in renal failure,
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including acute and chronic kidney disease, and its
expression was strongly decreased in Kidney injury due
to various etiologies that mainly involved inflammation
and aging [8, 9]. In addition, klotho deletion resulted in
bone damage, suggesting that this protein is crucial for
maintaining normal bone structure and formation [10].
Despite our growing understanding of klotho biology,
numerous important questions regarding its properties
and functions remain unanswered.

Recently, metformin, an antidiabetic drug for type 2
diabetes mellitus, has emerged as a successful and
consistent pharmacological drug that exerts a protective
effect against the age-associated deterioration of
biological functions in addition to improving the
lifespan [11]. This observation was also confirmed by
the results of numerous meta-analyses of human data
[12, 13]. Metformin acts by inducing the adenosine
monophosphate-activated protein  kinase (AMPK)-
dependent pathway to control the aging process and
extend the lifespan [14,15]. Thus, there is an increasing

amount of interest in searching for candidate drugs or
derivatives that can mimic and elicit the beneficial
effects of metformin on the lifespan, aging, and age-
associated diseases. The metformin derivative HL156A
functions through similar signaling pathway(s) and
responses in cancer cells even when administered at low
concentrations comparable to those of metformin [16].
HL156A is capable of inducing AMPK signaling [17].
HL156A has been reported to exert protective effects
against  peritoneal and liver  fibrosis- and
lipopolysaccharide (LPS)-induced inflammation [17,
18]. In addition, HL156A inhibits not only high
glucose-activated smad3-dependent signaling but also
epithelial-mesenchymal transition (EMT) [18]. A recent
study showed that HL156A, when administered in
combination with temozolomide, inhibited the invasive
properties of glioblastoma and increased the survival
rate in an animal model [19]. We also observed that
HL156A is associated with a decreased risk of
developing oral cancers, especially squamous
carcinoma cell cancers. Although metformin may have
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Figure 1. Macroscopic phenotype of SAMP1/kl-deficient mice. (A) Gross appearance of deficient (SAMP1/kl-/-) mice at 4 weeks
of age. (B) Body weight curves for 4- to 11-week-old Klotho-deficient (kl-/-) and compound-deficient (SAMP1/kl-/-) mice. (C) Survival

curves for the groups of SAMP1/kl+/+ (n=6) and SAMP1/kl-/- (n=7) mice.
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effects similar to those of HL156A, the delivery of
metformin to the tissue is limited because its
hydrophilic nature prevents it from entering cells.
HL156A overcomes this shortcoming and shows
generally high bioavailability. The present study was
designed to examine the effect of HL156A on metabolic
changes that induce against aging-dependent oxidative
stress in the kidneys of SAMP1/KI-/- mice, which
represent a mouse model of accelerated aging.

RESULTS
SAMP1/kI-deficient mice characteristics

Heterozygous kl+/- mice were mated with SAMP1 mice
to characterize the aging phenotype in this hybrid
background. Like kl-/- mice, the SAMP1/kl-/- began to
exhibit growth retardation, inactivity and multiple
features resembling those associated with premature
aging. Survival age was recorded as the age at which
the mice either died or were euthanized because of
problems with their health. The mean survival age of
the SAMPL/kl-/- mice was 9.3 weeks old (n=7),
whereas that of the klotho-/- mice was 12 weeks old
(n=5). In gross appearance, the SAMP1/kl-/- mice
were smaller in size, exhibited skin atrophy, and
developed alopecia (Fig. 1A). Body weight was lower
in the SAMP1/kl-/- mice than in the klotho-/- mice
beginning at 1 month of age (Fig. 1B). Microscopic
examination showed that more extensive inflammation
and calcification was observed in the tissues of the
SAMP1/kI-/- mice than in those of the klotho-/- mice
(Table S1)

Modulation of IGF-1/Akt/mTOR, FOXO1, and
MAPK signaling proteins by HL156A

We isolated MEFs from SAMP1/kl+/+ and SAMP1/kl-
/- mouse embryos obtained at embryonic day 13 (E13).
We first investigated the effects of SAMPI1/kl
deficiency on cell proliferation. At 24 and 48 h,
proliferation was slower in the SAMP1/kl-/- MEFs than
in the SAMP1/kl+/+ MEFs (Fig. 2A).

One of the mechanisms that exhibits gradual changes in
activity during aging is the IGF-1/ Forkhead
transcription factor (FOXO1) axis. To examine the
signaling mechanisms that might regulate cell growth in
SAMP1/kl-/- MEFs, we focused our attention on the
IGF-1/FOXO1 pathway. RT-PCR and Western blot
analyses showed that the mRNA and protein expression
levels, respectively, of IGF-1 were more than 5-fold
higher in the SAMP1/kl-/- MEFs. FOXO1l was
expressed at lower levels in SAMP1/kl-/- MEFs, than in
SAMP1/kl+/+ cells. There was no difference in the
MRNA expression of FOXO3 between SAMP1/kl+/+

and SAMP1/kl-/- MEFs (Fig. 2B and C). In addition,
we observed that FOXO1 is induced by soluble klotho
overexpression and recombinant soluble klotho proteins
(Fig. S1). To determine whether the new metformin
derivative, HL156A, affects the IGF-1/FOXO1 axis, we
used real-time PCR and Western blot analyses to
quantify the mRNA and protein levels, respectively, of
FOXOL1. As shown in Figure 2D-2F, IGF-1 levels were
decreased by HLI56A (10 or 20 pM) in both
SAMP1/kl+/+ and SAMPL/kl-/- MEFs. Additionally,
HL156A increased the mRNA and protein expression
levels of FOXOL in a concentration-dependent manner.

The IGF-I/AKT/mTOR signaling pathway plays
important roles in regulating cell growth, proliferation,

differentiation, motility, survival, and longevity.
Therefore, we next examined whether HL156A
regulates the expression of IGF-1/AKT/mTOR

signaling proteins in SAMP1/kl+/+ and SAMP1/KI-/-
MEFs. In SAMP1/kI+/+ and SAMP1/kl-/- MEFs,
treatment with HL156A inhibited the phosphorylation
of AKT, mTOR, and p70S6K in a concentration- or
time-dependent manner (Fig. 2G). Consistent with these
results, in SAMP1/kl-/- MEFs, the phosphorylation of
GSK3b was also reduced after 24 or 48 h of incubation
in the presence of HL156A (Fig. 2H). Previous studies
have established that there is a relationship between
IGF-I, mitogen-activated protein kinase (MAPK)/ERK
and p53 [20]. Western blot results (Fig. 2I)
demonstrated that phosphorylation of MAPKs was
inhibited in HL156A-treated SAMP1/kl-/- MEFs, while
total MAPK levels remained unaltered. In addition,
when cells were treated with HL156A, the protein
expression levels of P53 and p21 also decreased in a
time-dependent manner (Fig. 21). These results showed
that HL156A inhibits the Akt/mTOR and MAPKSs
signal transduction pathways.

HL156A increases mitochondrial membrane
potential and inhibits ROS formation

To further explore the link between ROS formation and
klotho depletion, intracellular ROS production was
assessed with fluorescence microscopy using the
oxidation-sensitive dye DHE. Our results demonstrate
that ROS levels were substantially higher in SAMP1/kl-
/- MEFs than in SAMP1/kl+/+ MEFs, suggesting that
ROS play a significant role in the senescence observed
in SAMPL/kl-/- MEFs. Treatment of HL156A
significantly reduced the number of DHE-positive
SAMP1/kl-/- MEFs (Fig. 3A and 3B). In addition, we
found that the mitochondria of SAMP1/kl-/- MEFs
exhibited a more oxidizing state than was observed in
SAMP1/KI+/+ MEFs (data not shown).
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Figure 2. Effect of HL156A on IGF-I-mediated FoxO1 signaling in SAMP1/kl-/- MEFs. (A) Effect of SAMP1/kl-/- depletion on
cell proliferation. SAMP1/kl+/+ and SAMP1/kl-/- MEFs were plated in 48-well plates at a density of 5 x 10* cells/well, and cell
proliferation was evaluated using MTT assays after 24 and 48 h. (B) Comparison of IGF-1, FOXO1, and FOXO3 expression in
SAMP1/kl+/+ and SAMP1/kl-/- MEFs. Total RNA was extracted from SAMP1/kl+/+ and SAMP1/kl-/- MEFs. cDNA was synthesized by
reverse transcription-polymerase chain reaction (RT-PCR). (C) The mRNA levels of IFGR and FOXO1 were determined in SAMP1/kl+/+
and SAMP1/kl-/- MEFs. Total protein was extracted, and the protein levels of IFGR, p-IGFR, and FOXO1 were measured by Western blot.
Actin was used as a loading control. (D) The effect of HL156A on IGF-1 signaling. SAMP1/kl+/+ and SAMP1/kl-/- MEFs were incubated in
the absence or presence of HL156A (10 or 20 uM) for 24 h, and total RNA was then isolated and subjected to RT-PCR analysis to
determine the mRNA levels of IGF-I, FOXO1, and mTOR. (E) Changes in the mRNA abundance of FOXO1 were analyzed with real-time
RT-PCR analysis in HL156A-treated SAMP1/kl+/+ and SAMP1/kl-/- MEFs. (F) HL156A induced FOXO1 expression. Cells were treated with
HL156A for 24 h, and FOXO1 levels were then determined using Western blot analysis. (G) The effect of HL156A on IGF-I-mediated
Akt/mTOR/p70S6K signaling. The expression of IGF-I-mediated Akt/mTOR/p70S6K proteins in SAMP1/kl+/+ and SAMP1/kl-/- MEFs
treated with HL156A (10 or 20 uM) for 24 h. (H) Immunoblotting analysis of GSK3B, Akt, mTOR, and p70S6K expression in SAMP1/kl-/-
MEFs treated for 24 or 48 h with 20 uM HL156A. () Effects of HL156A on MAPK activation in SAMP1/kl-/- MEFs.
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Figure 3. Effects of HL156A on ROS production, mitochondrial membrane potential, and aging in SAMP1/kl-deficient
MEFs. (A, B) ROS production in SAMP1/kl+/+ and SAMP1/kl-/- MEFs. ROS levels were measured in SAMP1/kl+/+ and SAMP1/kl-/- MEFs
treated with/without HL156A (20 or 30 uM). Cells were viewed using fluorescence microscopy. The graph was derived from 3
independent experiments. (C) Effect of HL156A on mitochondrial membrane potential activity in SAMP1/kl-/- MEFs. Cells were
incubated with 20 uM HL156A for 24 h, and the level of the fluorogenic probe JC-1 was then determined to analyze mitochondrial
membrane potential. (D) Effect of HL156A on aging in SAMP1/kl-/- MEFs. SAMP1/kl-/- MEFs were exposed to 20 uM HL156A for 24 h.
Cell senescence was analyzed with senescence-associated B-galactosidase (SA-B-gal) staining.

It has been reported that mitochondrial malfunction
leads to the accumulation of ROS [21]. To determine
whether HL156A induced changes in the mitochondrial
membrane potential, the mitochondrial membrane
potential activity of cells was assessed with JC-1. JC-1
is a fluorescent cationic dye that can selectively enter
mitochondria. It reversibly changes color from red to
green as membrane potential decreases. Interestingly,
red fluorescence was increased in the HL156A-treated
SAMP1/kI-/- MEFs, suggesting that HL156A increased
membrane potential by inhibiting ROS (Fig. 3C). The
next step was to confirm our hypothesis that HL156A
inhibits cell senescence by increasing the mitochondrial
membrane potential in SAMPL1/kl-/- MEFs. We
examined SA-B-gal activity in SAMPL/KI-/- MEFs
treated with HL156A. As shown in Figure 3D,

treatment with HL156A reduced the number of SA-B-
gal-positive SAMP1/kl-/- MEFs.

CE-TOFMS was used to evaluate the metabolic
profiles of SAMP1/kI-/- mouse Kidneys treated with
HL156A

Following on the previous finding that HL156A exerts
an antioxidative effect in vitro, SAMP1/KkI-/- mice were
used to examine HL156A-induced alterations in in vivo
pathological characteristics. SAMPZL/kl-/- mice were
randomized into an untreated group (controls) and a
group that was orally administered HL156A (30 mg/kg)
throughout the duration of the experiment. The body
weights of the mice were checked every other day. As
shown in Fig. 4A, a survival analysis performed with
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Figure 4. A comparison of the metabolic profile of mouse kidney tissues (SAMP1/kl+/+, SAMP1/kl-/-, and HL156A-
treated SAMP1/kl-/-) was performed by CE-TOFMS. (A) Survival curves for the SAMP1/kl-/- and HI156A-treated SAMP1/kl-/-
mice. (B) The horizontal axis and vertical axis show the sample names and peaks, respectively. HCA was performed for the peaks. The

distances between peaks are displayed in tree diagrams.

Kaplan-Meier survival curves of the SAMP1/KI-/- mice
revealed that there was a significant difference in
survival, which was significantly lower in the untreated
controls (n=7, 49 days) than in the HL156A-treated
(n=6, 80 days) mice.

A metabolome analysis was performed in 3 samples of
mouse Kidney tissue (SAMPL/kl+/+, SAMP1/kl-/-, and
HL156A-treated SAMP1/kl-/-) using CE-TOFMS in
two modes for cationic and anionic metabolites. We
detected 232 metabolites (149 metabolites in cation
mode and 83 metabolites in anion mode) on the basis of
the HMT’s standard library. The results for the 232
detected peaks are summarized in Supplementary Table
2 (Table S2).

These metabolites were found to be associated with
glycolysis/gluconeogenesis, the pentose-phosphate
pathway, the tricarboxylic acid cycle, the urea cycle,
pyrimidine  metabolism, glutathione  metabolism,
nicotinate and nicotinamide metabolism and amino acid

metabolism. The results of our comparison of the
metabolic profiles of these tissues are shown in Figure
5B. A PCA analysis revealed that there was a very clear
distinction between the abundance of intracellular
metabolites in the SAMPLl/kl+/+ and SAMPL/KI-/-
tissues that were or were not treated with HL156A. The
first component (PC1) indicated that 70.7% of the total
variance was due to the difference between the
SAMP1/kl+/+ and SAMP1/kl-/- samples and the
HL156A-treated SAMP1/kl-/- sample. The PC2
component indicated that 29.4% of the variance was
due to the difference between the HL156A-treated
SAMP1/KI-/- and SAMP1/kl-/- Kkidney tissue samples
(data not shown). Furthermore, a heat-map analysis
indicated that the metabolic pattern of the SAMP1/kl-/-
kidney sample was almost completely opposite that of
the SAMP1/kl+/+ kidney sample. We also observed that
there was a clear difference between the HL156A-
treated SAMP1/KI-/- kidney sample and the SAMP1/kl-
/- kidney sample (Fig. 4B). The metabolic pathways
associated with all the detected metabolites are
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illustrated in Supplementary Figure 2 (Fig. S2).

HL156A inhibits the production of oxidized
glutathione (GSSG) in SAMP1/KI-/- kidneys

We first compared the relative amounts of glutathione
metabolites between SAMP1/kl+/+, SAMP1/kl-/-, and
HL156A-treated SAMP1/Kl-/- mouse Kkidney tissues
because we previous showed that HL156A inhibited the
increase of ROS in SAMP1/Kkl-/- MEFs.

When the results for the glutathione biosynthesis
pathways were plotted (Fig. 5A and 5B), we found that
the level of the reduced form of glutathione, GSH, was
dramatically lower in the SAMP1/kl-/- mouse kidney
tissues. These changes in metabolites are likely linked
to the oxidation of glutathione, causing GSH depletion,
and the associated depletion of glutathione biosynthesis
intermediates. However, the level of cysteinylglycine,
an essential amino acid dipeptide located upstream of
cysteine in the glutathione synthesis pathway, was 2.0-
fold higher in the HL156A-treated kidneys than in the
SAMP1/KI-/- kidneys. We also found that in the
HL156A-treated SAMP1/KI-/- Kidneys, cysteine was
reunited with glutamate to form y-glutamylcysteine, a
precursor dipeptide of GSH biosynthesis (Fig. S3).

Notably, GSH levels were 2.7-fold higher in the
HL156A-treated SAMPL/KI-/- kidney than in the
SAMP1/KI-/- kidney. In contrast, the level of oxidized
glutathione (GSSH) was lower (0.8-fold) in the
HL156A in SAMP1/kl-/- kidney than in the SAMP1/kI-
/- kidney (Fig. S3).

As indicated in Figure 3, HL156A mitigated oxidative
damage in kidney tissues by down-regulating ROS
production. To confirm the link between glutathione
production and the in vivo antioxidative effects of
HL156A, the GSH/GSSG ratio was measured in
SAMP1/kl+/+, SAMP1/kl-/-, and HL156A-treated
SAMP1/KI-/- kidney tissues.

The results showed that the GSH/GSSG ratio was lower
in the samples obtained from SAMP1/KI-/- kidney
tissues than in those obtained from control mice that
were 4 and/or 8 weeks old (Fig. 5C). However,
administration of 30 mg/kg of HL156A increased GSH
levels and restored antioxidant capacity, as illustrated
by an increased GSH/GSSG ratio (Fig. 5D). We also
observed that HL156A induced the reduced form GSH
reduced by H>O.-mediated oxidative stress in MEF kl-/-
cells (Fig. 5E). These consequences suggest that
HL156A supplementation protected the kidneys against
oxidative stress.

Effects of HL156A on pathological changes in the
kidneys of SAMP1/kl-/- Mice

As previously described, oxidative stress injury
participates in the mechanisms underlying acute kidney
injury [22]. To confirm whether the HL156A-induced
increase in GSH is related to the evolution of
SAMP1/klotho  deficiency-induced Kidney injury,
histological sections of kidney tissues were stained with
hematoxylin-eosin, GSH and a FOXOL1 antibody and
subjected to von Kossa staining. SAMP1/KkI-/- mice (4
weeks old) were randomized to an untreated control
group or orally administered HL156A (30 mg/kg) or N-
acetyl-L-cysteine (NAC, 100 mg/kg), and ROS
scavenger, for 1 month. Histological analysis of these
animals revealed that they exhibited severe phenotypes
comparable to those observed in SAMP1/kl+/+ mice.
As mentioned above, we detected atrophy of the
kidneys as well as glomerular atrophy in the SAMP1/KI-
/- mice. However, the number of GSH- and FOXO1-
positive cells was significantly increased in HL156A-
treated kidney sections compared with kidneys from
control SAMP1/kl-/- mice (Fig. 6A and 6B). Von-Kossa
staining showed that in comparison to the wild type
mice, the SAMP1/kl-/- mice exhibited excessive
vascular and tubular calcification in the kidneys (Fig.
6C). In contrast, the SAMP1/kl-/- mice were
continuously treated with HL156A for 4 weeks
exhibited attenuated calcification in the kidneys.

Treatment with the antioxidant NAC also decreased the
accumulation of calcification in SAMP1/kl-/- mice. The
same results were observed when we examined tongue
tissues obtained from HL156A-treated mice (Fig. S4).

DISCUSSION

Klotho-deficient mice showed numerous phenotypes
consistent with premature aging, including kyphosis,
slow movement, infertility, severe skeletal muscle
reduction, and osteopenia, as well as atrophy of the
skin, intestines, thymus, spleen and kidneys [2, 3].
Klotho (-/-) mouse models have previously been used to
study aging-related disease [23, 24 25], and these
models have shown that in these mice, phosphate and
Ca?* channel pathways (the sodium-phosphate
cotransporters NaPi2a and TRPV5) are genetically
altered, factors involved in the inflammation response
(NF-«xB, IL-6 and IL-8) are modulated, and oxidative
stress signaling (ROS) is induced [26, 27, 28]. These
studies can be useful for investigating specific aspects
of klotho depletion-induced disease pathogenesis, but
their results do not reflect the complexity of the human
aging process, which is increased by the presence of
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Figure 5. HL156A-mediated changes in intermediates of glutathione metabolism. (A) The levels of intermediates of
glutathione metabolism were plotted on pathway maps. The relative quantities of the detected metabolites are represented as bar
graphs (from left to right: SAMP1/kl+/+ (blue), SAMP1/kl-/- (red), and HL156A-treated SAMP1/kl-/- (green) kidneys). (B) Comparisons of
the relative amounts of glutathione metabolites between SAMP1/kl+/+, SAMP1/kl-/-, and HL156A-treated SAMP1/kl-/- mouse kidneys.
(€C) In vivo effect of HL156A administration on glutathione status in SAMP1/kl-/- mice. Oxidized (GSSG)/reduced (GSH) ratios in mouse
kidneys and livers obtained from SAMP1/kl+/+ or SAMP1/kl-/- mice. (D) GSSG/GSH ratios in mouse kidneys obtained from mice orally
administered 0.9% saline solution (control) or 30 mg/kg HL156A every other day for 12 weeks. GSH and GSSG levels were quantified by
spectrophotometry, and GSSG/GSH ratios were calculated as estimates of oxidative stress. (E) In vitro effect of HL156A on GSSG/GSH
ratios in H,0,-treated MEF kl-/- cells. H,O,-treated cells were co-incubated with 20 or 40 uM HL156A for 36 h. *p<0.05. **p<0.001.
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Figure 6. Histological features of the kidneys of HL156A-treated SAMP1/kl-/- mice. (A, B) Changes in glutathione and FOXO1
levels in the kidneys of HL156A-treated SAMP1/kl-/- mice (original magnification x40 or x200). (C) Representative sections were labeled
with von Kossa stain. Photomicrographs of kidneys of SAMP1/kl-/- and HL156A- or nicotinamide (NAC)-treated SAMP1/kl-/- mice.
Kidney tissue sections were evaluated using von Kossa staining to identify calcium deposits.

other anti-aging genetic backgrounds and factors in the
immune system.

The Senescence-Accelerated Mouse (SAM) was
developed as another model for studying human aging
and age-related diseases. Senescence-prone 1 (SAMP1)
strains exhibit the early onset of age-related disease
symptoms, such as senile amyloidosis, contracted
kidneys, an impaired immune response, the
hyperinflation of the lungs, hearing impairment, and
hypertensive  vascular disease [29]. To more
comprehensively explore the complexity of human
aging, we created SAMP1/kl-deficient (SAMP1/KI-/-)

mice. Matings between SAMP1/kl hetero animals
(SAMP1/kl+/-) had a one-in-four chance to produce
compound homozygous mice (SAMPL/KI-/-). As
expected, SAMP1/kl-/- mice exhibited an aging
phenotype that was nearly identical to that of Klotho-
deficient (kl-/-) mice. The SAMPL/kI-/- mice displayed
atrophy of the skin, intestines, thymus, spleen and
kidneys in a manner very similar to that observed in the
klotho null phenotype. One of the major complications
observed in SAMP1/Kkl-/- mice was a large amount of
ectopic calcification and inflammation in some tissues,
including the salivary glands, thymus, lungs, kidneys,
and stomach. Furthermore, mechanistic studies showed
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that the high level of IGF-1 expression induced in
SAMP1/Kl-deficient MEFs inhibited the expression of
FOXO1, which is regulated by IGF-1 signaling. These
data suggest that SAMP1/kl-deficient cells or tissues
cannot participate in the removal of ROS and, therefore,
cannot protect against oxidative stress. We
demonstrated that the level of ROS was substantially
higher in SAMP1/kl-/- MEFs than in SAMPL/kl+/+
MEFs, suggesting that ROS play a significant role in the
senescence observed in SAMP1/kl-/- MEFs. We further
used SA-B-gal assays to confirm our hypothesis that the
level of cell senescence was higher in SAMP1/kl-/-
MEFs than in SAMP1/kl+/+ MEFs.

As mentioned above, cell growth rates were
significantly slower in the SAMP1/kl-/- MEFs (>60% at
24 h) than in SAMPL/kl+/+ MEFs, while the mRNA
level of IGF-1 was higher in SAMP1/kl-/- MEFs. In
addition, IGF-1R protein phosphorylation was also
increased in SAMP1/kl-/- MEFs. These data indicate
that SAMP1/klotho depletion plays a direct role in the
induction of IGF-1/IGFR signaling. Activated IGF-
1/IGFR signaling may inhibit FOXO1 expression, a key
regulator of antioxidant signaling, in SAMP1/kI-/-
MEFs. Because FOXOL1 plays important roles in stress
resistance and metabolic function, inhibiting 1GF-
1/IGF-1R signaling may represent a potential approach
for treating oxidative stress induced aging.

There is growing interest and demand for research that
addresses the aging process. During 60 years of the use
of metformin in type 2 diabetes, researchers found that
metformin has additional anti-aging effects as well as
effects on glycaemic control. Although, metformin’s
effect on clinical aging outcomes is still considered a
theoretical approach, the findings from studies in
cellular and animal models have shown the beneficial
effects on aging. Here, we present a new mouse model
of the aging process and the mechanisms involved and
describe the role that the metformin derivative HL156A
may have in inhibiting these mechanisms. Although
metformin may have effects similar to those of
HL156A, the delivery of metformin to the tissue is
limited. Metformin presents limitations as an antiaging
or anticancer drug because its hydrophilic nature
prevents it from entering cells [30]. However, HL156A
overcomes this shortcoming and shows generally high
bioavailability.

The results of the present study show that HL156A
exerts an antioxidative effect by inhibiting
IGF/AKT/mTOR signaling and inducing FOXO1
expression. Specifically, we found that HL156A
inhibited AKT phosphorylation/activation and repressed
the phosphorylation of mTOR and p70S6K in
SAMP1/kl MEFs regardless of whether the cells

expressed klotho. HL156A also inhibits MAPK
pathways that are important for cellular signaling,
including pathways involved in the cell cycle, cell
proliferation, cell differentiation, and cell death,
suggesting that MAPKSs also play key roles in HL156A-
mediated processes.

Here, we investigated whether HL156A regulates
oxidative stress in SAMPL/kI-/- MEFs. Our results
show that HL156A decreased intracellular ROS levels
and increased membrane potential in SAMPL/KI-/-
MEFs. Previous studies showed that the beneficial
effect of metformin and metformin derivatives on
mitochondrial oxidative stress were mediated by a
reduction in ROS production [31, 32] or the activation
of AMPK/FOXO and mitochondrial biogenesis [33].
Our data may explain, in part, the beneficial effects on
mitochondrial membrane potential that were have
observed in SAMP1/kl-/- MEFs treated with HL156A,
and these results suggest that HL156A-stimulated cells
may have a unique metabolic profile with regard for the
antioxidant system.

Next, we used CE-TOFMS to explore the effects of
HL156A on the metabolomic profile of SAMP1/kl+/+
and SAMP1/kl-/- mouse kidneys. The results revealed
that the levels of various metabolites obviously differed
between SAMP1/kl+/+ and SAMP1/KI-/- mice. Our
analysis specifically revealed that the levels of
metabolites associated with the central carbon, amino
acid, and coenzyme pathways and trimethylaminuria
metabolism, glutathione metabolism, the pentose-
phosphate  pathway, and nicotinate/nicotinamide
metabolism differed between and SAMP1/kI-/- and
HL156A-treated SAMP1/kl-/- mice. Interestingly, the
levels of metabolites of antioxidants, such as carnosine,
ergothioneine, and glutathione (GSH), were increased in
HL156A-treated SAMP1/kl-/- kidneys. Conversely, the
level of oxidized glutathione (GSSG) was decreased
under these conditions. These findings suggest that
HL156A blocked oxidative stress in SAMP1/kI-/- mice
and consequently inhibited ROS  production.
Additionally, we confirmed that HL156A influences
GSH redox balance in vivo. The GSH/GSSG ratio was
increased in Kkidney and/or liver tissues obtained from
HL156A-treated SAMP1/kl-/- mice at 4 or 8 weeks of
age. Furthermore, the level of cysteinylglycine, an
essential amino acid dipeptide located upstream in the
cysteine synthesis pathway, was 2-fold higher in
HL156A-treated mouse kidneys than in the SAMP1/kI-
/- kidney. We also found that the cysteine was reunited
with glutamate and formed v-glutamylcysteine, a
precursor dipeptide of GSH biosynthesis. In addition,
we observed that HL156A inhibited citric acid and
stachydrine metabolites known to be involved in kidney
disease (data not shown). The results of this study show
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that HL156A induces a reduced form glutathione to
modulate  mitochondrial and  non-mitochondrial
oxidative stress and ameliorate renal injury caused by
the accumulation of Ca?*.

In our CE-TOFMS analysis, we also found that the
increased levels of myo-inositol 1-phosphate and myo-
inositol 3-phosphate observed in SAMPL/kl-/- kidneys
were inhibited by treatment with HL156A. In
mammalian cells, myo-inositol and its derivatives, such
as phosphoinositides (PIs) and inositol phosphates, are
involved in various biochemical and physiological
processes, including reproduction [34], embryonic
development [35, 36], and neuronal functions [37, 38].
The dysregulation of inositol homeostasis has been
reported to be a factor in neurodegenerative diseases,
including Alzheimer’s disease [39], Huntington’s
disease, and Parkinson’s disease [40]. Accordingly,
HL156A, which targets inositol phosphate metabolism
activities responsible for slowing down aging and
postponing the onset of age-related diseases, including
neurodegenerative diseases, may be an important target
for therapeutic interventions with high clinical
relevance.

Similar to klotho-/- mice, SAMP1/kl-/- mice develop
aging-related disease without chemical or immunologic
manipulation and exhibit a remarkably similarity to the
human aging phenotype. Additionally, in these mice,
disease severity deteriorates over time. The present
study was conducted to quantify the effects of HL156A
treatment on the progression of kidney pathology in
SAMP1/KI-/- mice, which exhibit a phenotype that
reflects the complexity of human aging. We observed
that the survival rate was higher in SAMPL/kI-/- mice
treated with HL156A than in SAMP1/kl-/- mice. In
particular, HL156A-treated SAMP1/KkI-/- mice showed a
significant increase in reduced glutathione (GSH) as
well as a decrease in oxidized glutathione (GSSG).
Histological analyses showed that HL156A treatment
decreased calcification in SAMP1/KkI-/- mice, while
SAMP1/KI-/- mice generally displayed high-grade
calcification. These results collectively indicate that
SAMP1/KI-/- mice may represent a relevant model for
investigating the pathogenic mechanisms underlying
aging and that HL156A is a potential preclinical
therapeutic modality for treating renal disease,
including acute kidney disease (AKD) and early chronic
kidney disease (CKD).

MATERIALS AND METHODS
Generation of SAMP1/kI deficient mice

Senescence-Accelerated mice (SAMP1, 7 weeks old)
were purchased from Japan SLC, Inc. (Hamamatsu,

Japan). SAM mice are a group of inbred mouse strains
(AKR/J mice) that are used as models to study human
aging and age-related diseases [29]. Heterozygous
klotho mice (kl+/-) were generously provided by Dr.
Kuro-O (University of Texas Southwestern, Dallas, TX,
USA). The klotho-/- mice were generated as previously
described [2]. To generate a line of SAMP1/Klotho-
deficient mice (SAMP1/kl-/-), we crossed SAMP1 and
Klotho heterozygous mice (kl+/-). SAMP1/kl+/+ and
SAMP1/kl-/-  mice were then derived from
SAMP1/KI+/- heterozygous breeding pairs. Tail biopsies
were performed for genotyping. DNA was extracted and
tested for the presence of wild type and mutant alleles.

Derivation of mouse embryonic fibroblasts from
klotho-deficient mice

Mouse embryonic fibroblasts (MEFs) were derived and
cultured from SAMP1/kl+/+ and SAMP1/kl-/- 13-day-
old embryos that were obtained by mating SAMP1/kl+/-
mice with SAMPZ1/kl+/- mice according to a previously
reported protocol. MEFs were cultured in 10 cm? cell
culture flasks in DMEM (Gibco/Life Technologies,
Grand Island, NY) containing 10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen, CA) at 37°C in 5% CO; for 3
passages. Then, the cells were harvested and frozen in

the same medium but with 5% DMSO and no
antibiotics.

Cell proliferation assay

Cell proliferation was assessed using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich, St. Louis, MO) assays. The cells
were seeded in 96-well plates at a density of 2 x 10°
cells/well. Absorbance was measured at 540 nm using a
DTX 880 Multimode Detector (Beckman Coulter, Brea
CA, USA). HL156A is a derivative of phenyl
biguanide, which is designed and synthesized by Hanall
Biopharma Inc. (Seoul, Korea). The detailed procedure
for HL156A synthesis and the structure of HL156A
were described in a previous study [18,19].

RNA purification and RT-PCR

Total RNA was isolated from MEFs obtained from wild
type or klotho-/- mice using TRIzol reagent (Invitrogen,
USA). To avoid genomic DNA contamination, the
extracted RNA was purified using an RNeasy kit
(Invitrogen, USA). The sequences of the RT-PCR
primers were as follows: IGF-1: forward 5'-
TACAAAAGCAGCCCGCTCTA-3' and reverse 5'-
GGTGATGTGGCATTTTCTGC-3', FOXO1: forward
5-TTGTCATAGGCTTCCCACCA-3' and reverse 5'-
AGACCCGGGTTCTTTGACAC-3', FOXO03: forward
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5-GAACTCATGGATGCTGACGG-3' and reverse 5'-
AGCAGATTTGGCAAAGGGTT-3, mTOR: forward
5-GAACCTGGCTCAAGTACGCA-3' and reverse 5'-
GCTTATGCAGCTCCTGCTTG-3, and GAPDH:
forward 5-CCAAGGTCATCCATGACAACT-3' and
reverse 5-GTCATACCAGGAAATGAGCTTG-3'. The
PCR products were then electrophoresed on a 2%
acrylamide gel and \visualized using a gel
documentation system (Bio-Rad, Hercules, CA, USA).

Western blot analysis

Total protein was obtained from the cells using RIPA
buffer (50mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.5%
sodium deoxycholate, 1% NP-40, 0,1% SDS and 1 mM
EDTA) containing a protease inhibitor cocktail (1 pg/ml
aprotinin and leupeptin). Cell lysates (30 ng) were
subjected to SDS-PAGE and then transferred to
nitrocellulose  membranes (Amersham Pharmacia
Biotech, UK). The membranes were blocked in 5%
skim milk for 3 h and then incubated with primary
antibodies against p70S6K (sc230), p-p70S6K (sc8416),
p-mTOR (sc 101738), p53 (sc126), p21 (sc6246), GSK-
3B (sc9166), B-actin (sc47778) purchased from Santa
Cruz (Texas, USA); mTOR (2972S), IGFR-1 (3027S),
pIGFR-1 (3024S), AKT (9272S), pAKT (4060S),
Erkl/2  (9102S), p-Erk1/2(9101S), p-GSK-30/B
(8566S), p38 (9212S), p-p38 (9211S), p-JINK (92515S),
JNK (9252S), and FoxO1 (2880S) purchased from Cell
Signaling (Massachusetts, USA) for 4 h at room
temperature (RT) (dilution ratio 1:1000). After being
washed twice, the membranes were incubated with the
corresponding secondary antibodies for 1 h (dilution
ratio 1:5000). Protein signals were detected with a
Luminescent image analyzer (Las-1000; Fujifilm,
Japan).

ROS formation detection

Reactive oxygen species (ROS) levels were determined
based on the oxidation of dihydroethidium (DHE). Cells
were seeded and grown to 70-80% confluency. They
were then incubated with HL156A for 24 h. The cells
were subsequently treated with DHE (10 mM) for 30
min at 37°C in the dark. DHE fluorescence was detected
with a fluorescence microscope (IX-71; Olympus,
Tokyo, Japan) and multimode ELISA reader (Beckman
Coulter Inc., Wals, Austria).

Mitochondrial membrane potential

Mitochondrial membrane potential was analyzed with a
fluorescence microscope (IX-71; Olympus, Tokyo,
Japan) using a JC-1 mitochondrial membrane potential
detection kit. JC-1 accumulates in a potential-dependent
manner in mitochondria and is indicated by a

fluorescence emission shift from green (530 nm, FL-1
channel) to red (590 nm, FL-2 channel).

Metabolome profiles of mouse kidney tissue by CE-
TOFMS analysis

Metabolome analyses were performed for 3 samples of
mouse kidney tissue (SAMP1/kl wild type, SAMP1/kI-
/-, and HL156A-treated klotho-/-) using Capillary
Electrophoresis Time-of-Flight Mass Spectrometry
(CE-TOFMS) in two modes for cationic and anionic
metabolites. The samples were mixed with 50%
acetonitrile in water (v/v) containing internal standards
(20 pM for cation and 5 uM for anion measurement)
and homogenized by a homogenizer (1,500 rpm, 120
sec X 4 times). The supernatant (400 puL x 2) was then
filtrated through a 5-kDa cut-off filter (ULTRAFREE-
MC-PLHCC, Human Metabolome Technologies,
Yamagata, Japan) to remove macromolecules.

Data Processing and Analysis

Peaks detected in the CE-TOFMS analysis were
extracted using automatic integration software
(MasterHands ver. 2.16.0.15 developed at Keio
University) and used to obtain peak information,
including m/z, migration time (MT), and relative peak
area (peak area = metabolite peak area / (internal
standard peak area x sample amount). The following
statistical analyses were performed: hierarchical cluster
analysis (HCA) in PeakStat ver. 3.18 (in-house
software) and principal component analysis (PCA) in
SampleStat ver. 3.14 (in-house software). The profiles
of peaks associated with putative metabolites were
represented on metabolic pathway maps using
Visualization and Analysis of Networks containing
Experimental Data (VANTED) 4 software. The
abbreviations used for some metabolites shown in the
pathway map are different from those used in the
Human Metabolome Technologies (HMT) standard
library. The pathway map was prepared based on
metabolic pathways known, according to the KEGG
database (http://www.genome.jp/kegg/) to exist in
human cells.

GSH/GSSG measurement

Glutathione  measurements were performed as
previously described [41]. Kidneys obtained from
SAMP1/kl-/- mice were homogenized in 5%
sulfosalicylic acid buffer (1:3, w/v) at 4°C and
centrifuged at 12,000xg. The resulting supernatants
were transferred to Eppendorf tubes and kept on dry ice
until assayed for glutathione content. Standards and
tissue homogenates were assayed in triplicate.

www.aging-us.com

AGING



Reactions were started by combining the sample with
glutathione reductase.

Tissue preparation and histological examination

All animals were anesthetized and killed, and their
kidneys were then dissected. The kidney tissues were
fixed in 10% formalin, embedded in paraffin and cut
into 4 um-thick sections for staining. All sections were
stained with hematoxylin and eosin and anti-GSH or
anti-FOXOL1. Sections of kidneys were also processed
for von Kossa staining to detect histological alterations,
such as calcification.

Statistical analysis

Statistical analysis was performed with the data
obtained from three independent experiments. The data
are presented as the mean + s.e.m. A p-value <0.05 was
considered significant.

CONFLICTS OF INTEREST
None declared.
FUNDING

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. 2018052384)

REFERENCES

1. Latorre E, Harries LW. Splicing regulatory factors,
ageing and age-related disease. Ageing Res Rev. 2017;
36:165-70. https://doi.org/10.1016/j.arr.2017.04.004

2. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H,
Suga T, Utsugi T, Ohyama Y, Kurabayashi M, Kaname
T, Kume E, Iwasaki H, lida A, Shiraki-lida T, et al.
Mutation of the mouse klotho gene leads to a
syndrome resembling ageing. Nature. 1997; 390:45—
51. https://doi.org/10.1038/36285

3. Kuro-o M. Klotho and aging. Biochim Biophys Acta.
2009; 1790:1049-58.
https://doi.org/10.1016/j.bbagen.2009.02.005

4. Kurosu H, Ogawa Y, Miyoshi M, Yamamoto M, Nandi
A, Rosenblatt KP, Baum MG, Schiavi S, Hu MC, Moe
OW, Kuro-o M. Regulation of fibroblast growth
factor-23 signaling by klotho. J Biol Chem. 2006;
281:6120-23.
https://doi.org/10.1074/jbc.C500457200

5. Urakawa I, Yamazaki Y, Shimada T, lijima K, Hasegawa
H, Okawa K, Fujita T, Fukumoto S, Yamashita T. Klotho

10.

11.

12.

13.

14.

converts canonical FGF receptor into a specific
receptor for FGF23. Nature. 2006; 444:770-74.
https://doi.org/10.1038/nature05315

Doi S, Zou Y, Togao O, Pastor JV, John GB, Wang L,
Shiizaki K, Gotschall R, Schiavi S, Yorioka N, Takahashi
M, Boothman DA, Kuro-o M. Klotho inhibits
transforming growth factor-betal (TGF-betal)
signaling and suppresses renal fibrosis and cancer
metastasis in mice. J Biol Chem. 2011; 286:8655-65.
https://doi.org/10.1074/jbc.M110.174037

Sopjani M, Rinnerthaler M, Kruja J, Dermaku-Sopjani
M. Intracellular signaling of the aging suppressor
protein Klotho. Curr Mol Med. 2015; 15:27-37.
https://doi.org/10.2174/15665240156661501141112
58

Tartaglione L, Pasquali M, Rotondi S, Muci ML,
Leonangeli C, Farcomeni A, Fassino V, Mazzaferro S.
Interactions of sclerostin with FGF23, soluble klotho
and vitamin D in renal transplantation. PLoS One.
2017; 12:e0178637.
https://doi.org/10.1371/journal.pone.0178637

Kooman JP, Dekker MJ, Usvyat LA, Kotanko P, van der
Sande FM, Schalkwijk CG, Shiels PG, Stenvinkel P.
Inflammation and premature aging in advanced
chronic kidney disease. Am J Physiol Renal Physiol.
2017; 313:F938-50.
https://doi.org/10.1152/ajprenal.00256.2017

Komaba H, Kaludjerovic J, Hu DZ, Nagano K, Amano K,
Ide N, Sato T, Densmore MJ, Hanai JI, Olauson H,
Bellido T, Larsson TE, Baron R, Lanske B. Klotho
expression in osteocytes regulates bone metabolism
and controls bone formation. Kidney Int. 2017;
92:599-611.
https://doi.org/10.1016/j.kint.2017.02.014

Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA.
Metformin as a tool to target aging. Cell Metab. 2016;
23:1060-65.
https://doi.org/10.1016/j.cmet.2016.05.011

12. Lopez-Otin C, Galluzzi L, Freije JM, Madeo F,
Kroemer G. Metabolic control of longevity. Cell. 2016;
166:802-21.
https://doi.org/10.1016/j.cell.2016.07.031

Niedernhofer U, Kirkland JL, Ladiges W. Molecular
pathology endpoints useful for aging studies. Ageing
Res Rev. 2017; 35:241-49.
https://doi.org/10.1016/j.arr.2016.09.012

Onken B, Driscoll M. Metformin induces a dietary
restriction-like state and the oxidative stress response
to extend C. elegans Healthspan via AMPK, LKB1, and
SKN-1. PLoS One. 2010; 5:e8758.
https://doi.org/10.1371/journal.pone.0008758

www.aging-us.com

2350

AGING



15.

16.

17.

18.

19.

20.

21.

22.

23.

Karnewar S, Neeli PK, Panuganti D, Kotagiri S,
Mallappa S, Jain N, Jerald MK, Kotamraju S.
Metformin regulates mitochondrial biogenesis and
senescence through AMPK mediated H3K79
methylation: relevance in age-associated vascular
dysfunction. Biochim Biophys Acta. 2018 (4 Pt A);
1864:1115-28.
https://doi.org/10.1016/j.bbadis.2018.01.018

Lam TG, Jeong YS, Kim SA, Ahn SG. New metformin
derivative HL156A prevents oral cancer progression
by inhibiting the insulin-like growth
factor/AKT/mammalian  target of  rapamycin
pathways. Cancer Sci. 2018; 109:699-709.
https://doi.org/10.1111/cas.13482

Lee HS, Shin HS, Choi J, Bae SJ, Wee HJ, Son T, Seo JH,
Park JH, Kim SW, Kim KW. AMP-activated protein
kinase activator, HL156A reduces thioacetamide-
induced liver fibrosis in mice and inhibits the
activation of cultured hepatic stellate cells and
macrophages. Int J Oncol. 2016; 49:1407-14.
https://doi.org/10.3892/ijo.2016.3627

Ju KD, Kim HJ, Tsogbadrakh B, Lee J, Ryu H, Cho EJ,
Hwang YH, Kim K, Yang J, Ahn C, Oh KH. HL156A, a
novel AMP-activated protein kinase activator, is
protective against peritoneal fibrosis in an in vivo and
in vitro model of peritoneal fibrosis. Am J Physiol
Renal Physiol. 2016; 310:F342-50.
https://doi.org/10.1152/ajprenal.00204.2015

Choi J, Lee JH, Koh I, Shim JK, Park J, Jeon JY, Yun M,
Kim SH, Yook JI, Kim EH, Chang JH, Kim SH, Huh YM,
et al. Inhibiting stemness and invasive properties of
glioblastoma tumorsphere by combined treatment
with temozolomide and a newly designed biguanide
(HL156A). Oncotarget. 2016; 7:65643-59.
https://doi.org/10.18632/oncotarget.11595

Héron-Milhavet L, LeRoith D. Insulin-like growth
factor | induces MDM2-dependent degradation of
p53 via the p38 MAPK pathway in response to DNA
damage. J Biol Chem. 2002; 277:15600-06.
https://doi.org/10.1074/jbc.M111142200

Islam MT. Oxidative stress and mitochondrial
dysfunction-linked  neurodegenerative  disorders.
Neurol Res. 2017; 39:73-82.
https://doi.org/10.1080/01616412.2016.1251711

Araujo M, Welch WJ. Oxidative stress and nitric oxide
in kidney function. Curr Opin Nephrol Hypertens.
2006; 15:72-77.

https://doi.org/10.1097/01.mnh.0000191912.65281.
e9

Xie J, Cha SK, An SW, Kuro-O M, Birnbaumer L, Huang
CL. Cardioprotection by Klotho through

24,

25.

26.

27.

28.

29.

30.

31.

32.

downregulation of TRPC6 channels in the mouse
heart. Nat Commun. 2012; 3:1238.
https://doi.org/10.1038/ncomms2240

Semba RD, Moghekar AR, Hu J, Sun K, Turner R,
Ferrucci L, O’Brien R. Klotho in the cerebrospinal fluid
of adults with and without Alzheimer’s disease.
Neurosci Lett. 2014; 558:37-40.
https://doi.org/10.1016/j.neulet.2013.10.058

Lu X, Hu MC. Klotho/FGF23 axis in chronic kidney
disease and cardiovascular disease. Kidney Dis
(Basel). 2017; 3:15-23.
https://doi.org/10.1159/000452880

Wolf MT, An SW, Nie M, Bal MS, Huang CL. Klotho up-
regulates renal calcium channel transient receptor
potential vanilloid 5 (TRPV5) by intra- and
extracellular N-glycosylation-dependent mechanisms.
J Biol Chem. 2014; 289:35849-57.
https://doi.org/10.1074/jbc.M114.616649

Kawai M, Kinoshita S, Ozono K, Michigami T.
Inorganic Phosphate activates the AKT/mTORC1
pathway and shortens the life span of an a-Klotho-
deficient model. J Am Soc Nephrol. 2016; 27:2810-
24,

Zeng Y, Wang PH, Zhang M, Du JR. Aging-related renal
injury and inflammation are associated with
downregulation of Klotho and induction of RIG-I/NF-
kB signaling pathway in senescence-accelerated mice.
Aging Clin Exp Res. 2016; 28:69-76.
https://doi.org/10.1007/s40520-015-0371-y

Takeda T. Senescence-accelerated mouse (SAM): a
biogerontological resource in aging research.
Neurobiol Aging. 1999; 20:105-10.
https://doi.org/10.1016/S0197-4580(99)00008-1

Menendez JA, Quirantes-Piné R, Rodriguez-Gallego E,
Cufi S, Corominas-Faja B, Cuyas E, Bosch-Barrera J,
Martin-Castillo B, Segura-Carretero A, Joven .
Oncobiguanides: Paracelsus’ law and
nonconventional routes for administering
diabetobiguanides for cancer treatment. Oncotarget.
2014; 5:2344-48.
https://doi.org/10.18632/oncotarget.1965

Hou X, Song J, Li XN, Zhang L, Wang X, Chen L, Shen
YH. Metformin reduces intracellular reactive oxygen
species levels by upregulating expression of the
antioxidant thioredoxin via the AMPK-FOXO3
pathway. Biochem Biophys Res Commun. 2010;
396:199-205.
https://doi.org/10.1016/j.bbrc.2010.04.017

Kane DA, Anderson EJ 3rd, Price JW 3rd, Woodlief TL,
Lin CT, Bikman BT, Cortright RN, Neufer PD.

www.aging-us.com

AGING



33.

34,

35.

36.

37.

38.

39.

40.

Metformin selectively attenuates mitochondrial
H202 emission without affecting respiratory capacity
in skeletal muscle of obese rats. Free Radic Biol Med.
2010; 49:1082-87.
https://doi.org/10.1016/j.freeradbiomed.2010.06.02
2

Kukidome D, Nishikawa T, Sonoda K, Imoto K,
Fujisawa K, Yano M, Motoshima H, Taguchi T,
Matsumura T, Araki E. Activation of AMP-activated
protein  kinase reduces hyperglycemia-induced
mitochondrial reactive oxygen species production
and promotes mitochondrial biogenesis in human
umbilical vein endothelial cells. Diabetes. 2006;
55:120-27.
https://doi.org/10.2337/diabetes.55.01.06.db05-
0943

Papaleo E, Unfer V, Baillargeon JP, Chiu TT.
Contribution of myo-inositol to reproduction. Eur J
Obstet Gynecol Reprod Biol. 2009; 147:120-23.
https://doi.org/10.1016/j.ejogrb.2009.09.008

Kane MT, Norris M, Harrison RA. Uptake and
incorporation of inositol by preimplantation mouse
embryos. J Reprod Fertil. 1992; 96:617-25.
https://doi.org/10.1530/jrf.0.0960617

Chiu TT, Rogers MS, Briton-Jones C, Haines C. Effects
of myo-inositol on the in-vitro maturation and
subsequent development of mouse oocytes. Hum
Reprod. 2003; 18:408-16.
https://doi.org/10.1093/humrep/deg113

Greene ND, Copp AJ. Inositol prevents folate-resistant
neural tube defects in the mouse. Nat Med. 1997;
3:60-66. https://doi.org/10.1038/nm0197-60

Fisher SK, Novak JE, Agranoff BW. Inositol and higher
inositol phosphates in neural tissues: homeostasis,
metabolism and functional significance. J Neurochem.
2002; 82:736-54.
https://doi.org/10.1046/j.1471-4159.2002.01041.x

Miller BL, Moats RA, Shonk T, Ernst T, Woolley S, Ross
BD. Alzheimer disease: depiction of increased
cerebral myo-inositol with proton MR spectroscopy.
Radiology. 1993; 187:433-37.
https://doi.org/10.1148/radiology.187.2.8475286

Sarkar S, Floto RA, Berger Z, Imarisio S, Cordenier A,
Pasco M, Cook LJ, Rubinsztein DC. Lithium induces
autophagy by inhibiting inositol monophosphatase. J
Cell Biol. 2005; 170:1101-11.
https://doi.org/10.1083/jcb.200504035

www.aging-us.com

2352

AGING



SUPPLEMENTARY MATERIAL
Please browse the links in Full Text version of this manuscript to see Supplementary Tables.
Supplementary Table S1. Histological changes in the tissues of SAMP1/kl deficient mice.

Supplementary Table S2. Changes in putative metabolites in the kidneys of SAMP1/kl+/+, SAMP1/kl-/-, and
HL156A-treated SAMP1/kl-/- mice.
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Supplementary Figure S1. Klotho regulates the expression of FOXO1. (A) RT-PCR was performed to determine the expression
levels of FOXO1 in HEK293 cells. GAPDH was used as an internal control. FOXO1 protein levels were analyzed using Western blot. (B)
FOXO1 mRNA levels in HEK293 cells were assessed using real-time RT-PCR analysis. The expression levels were normalized to GAPDH.
*

p<0.05.
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Supplementary Figure S2. Metabolites identified in principle metabolic pathways in SAMP1/kl-/- and HI156A-treated SAMP1/kI-
/- kidneys. Detected HMT Standard Metabolites are plotted on the pathway map. The bars/lines represent the relative areas covered by each
metabolite in the SAMP1/kl+/+ (blue), SAMP1/kl-/- (red), HL156A-treated SAMP1/kl-/- kidney tissues (green).
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HMT DB Comparative Analysis
Ratio
ID Compound name
P KL vs Con HL156A
vs KL
C_0038 Cys 0.014 24
C_0093 Cys-Gly 0.02 2.0
C_0146  Glutathione(GSH) 0.03 2.7
C_0145 Glutathione (GSS 3.0 0.8
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Supplementary Figure S3. Comparison of the relative amounts of GSSG and GSH metabolites in SAMP1/kl-/- and
HL156A-treated SAMP1/kl-/- mouse kidneys. Columns represent the relative areas, and numbers represent the ratios of the
relative amounts of metabolites in SAMP1/kl-/- vs. SAMP1/kl+/+ or HL156A-treated SAMP1/kl-/- vs. SAMP1/kl-/- samples.
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Supplementary Figure S4. Tongue tissue sections labeled with von Kossa stain. Photomicrographs of tongue sections of

SAMP1/kl-/- and HL156A- or nicotinamide (NAC)-treated SAMP1/kl-/- mice.
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