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ABSTRACT
Aging is a risk factor for various acute and chronic kidney injuries. Kidney aging is accompanied by
the secretion of growth factors, proteases, and inflammatory cytokines, known as the senescence-
associated secretory phenotype (SASP). These factors accelerate the aging process and senes-
cence-associated changes. Delaying kidney senescence may prevent acute and chronic kidney
injury. Methionine restriction (MR) was found to be an effective intervention for delaying senes-
cence. However, the mechanism of MR remains unclear. In this study, we investigated the effect of
MR on the survival rate and renal aging of C57BL/6 mice and examined the relevant mechanisms.
MR increased the survival rate and decreased the levels of senescence markers in the aging
kidney. Both in vivo and in vitro, MR upregulated the transsulfuration pathway to increase H2

S production, downregulated senescence markers and the SASP, and activated AMPK. The ability
of MR to delay aging was reduced when AMPK was inhibited. These results suggest that MR may
slow animal aging and kidney senescence through H2S production and AMPK pathway activation.

Abbreviations: DR: diet restriction; MR: methionine restriction; SASP: senescence-associated secre-
tory phenotype; AL: ad libitum; CKD, chronic kidney disease; AKI: acute kidney disease; TSP:
transsulfuration pathway; CGL: cystathionine g-lyase; H2S: hydrogen sulfide; AMPK: AMP-activated
protein kinase; mTOR: mammalian target of rapamycin; IS: indoxyl sulfate; CC: compound C.
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Introduction

Aging is an inevitable physiological process during
which the senescence-associated secretory pheno-
type (SASP) accelerates senescence and influences
the microenvironment surrounding senescent cells.
The kidneys undergo many changes during aging,
such as renal cortex thinning, glomerular sclerosis,
interstitial fibrosis, tubular atrophy, renal arterio-
sclerosis, and dysfunction. Surveys from the US and
China show that the prevalence of chronic kidney
disease (CKD) is high in the elderly population
[1,2] which has led to controversy about whether
aging-associated CKD is a purely biological phe-
nomenon linked to organ senescence [3]. CKD
can occur in combination with cardiovascular and
cerebrovascular disease and lead to death [4].
Moreover, aging kidneys are more susceptible to
acute kidney injury (AKI) [5]. Therefore, delaying

the aging and senescence of the kidney is important
for preventing acute and chronic kidney injury.

Interventions for the aging process have been
widely explored. Dietary restriction (DR) has been
known to increase lifespan [6]. Recently, researchers
have begun to explore whether amino acid restric-
tion plays a primary role in the life-extending bene-
fits of DR. Promising DR regimens involve
a decrease in the level of one essential amino acid,
methionine. The lifespan of rats fed a low-
methionine diet was extended compared to that of
rats fed increased dietary levels of methionine [7].
Both the maximum and median life spans of mice
were extended when a low-methionine diet was
started at 12 months of age [8]. However, the
mechanism of methionine restriction (MR) is still
unclear. Some studies show that MR decreases mito-
chondrial reactive oxygen species (ROS) generation
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and ameliorates oxidative damage to hepatic mito-
chondrial DNA and proteins [9,10]. MR slows down
aging in human cells by modulating mitochondrial
protein synthesis and respiratory chain assembly
[11] and increases insulin sensitivity in mice [12].
Recently, Hine and colleagues used a mouse model
of DR-mediated stress resistance to show that sulfur
amino acid (SAA) restriction increased the expres-
sion level of cystathionine g-lyase (CGL), an enzyme
in the transsulfuration pathway (TSP); this effect
increased hydrogen sulfide (H2S) production and
protected against hepatic ischemia reperfusion
injury [13]. Although toxic at high levels, H2

S produced at low concentrations due to cysteine
(Cys) or homocysteine degradation by CGL has
a beneficial effect on the vasculature and the brain;
at low concentrations, H2S acts as a signaling mole-
cule to reduce blood pressure [14] and prevent neu-
rodegeneration [15]. Exogenous H2S can also extend
the lifespan of worms [16] and induce suspended
animation in mammals [17]. These actions of H2

S may play a key role in the benefits of MR, such as
extended life spans.

However, no study has reported the impact of
MR on natural kidney aging and the SASP. In this
study, we investigated the effects of a lifelong MR
diet (started at 3 months of age) on survival rates
in C57BL/6 mice as well as the relevant mechan-
isms. We analyzed whether MR can slow aging
and suppress the SASP in the kidneys by increas-
ing the production of endogenous H2S.

Aging and aging-related kidney diseases are clo-
sely related to the senescence of renal tubular epithe-
lial cells [18]. Large numbers of aging renal tubular
epithelial cells have been found in the aging kidneys
of humans and animals, and these aging cells are an
important cause of the structural and functional
changes in aging kidneys [19]. Therefore, delaying
renal tubular epithelial cell aging is important for
slowing kidney senescence. Indoxyl sulfate (IS) is
the most abundant indole compound that accumu-
lates in uremic patients and can reportedly induce
senescence in human proximal tubular cells (HK-2
cells) [20]. Here, we used IS-induced HK-2 cells as
a model system to determine whether MR can slow
the IS-induced senescence of renal tubular epithelial
cells by improving endogenous H2S production. In
addition, we evaluated the effect of H2S on the
AMPK/mTOR pathway in vivo and in vitro.

Materials and methods

Animals

All animal procedures carried out in this study
were approved by the Animal Care and Use
Committee of Chinese PLA General Hospital and
conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH publi-
cation no. 85–23, revised 2011). Two-month-old
C57BL/6 mice were purchased, housed at the
Experimental Animal Center of the Chinese PLA
General Hospital and fed a standard chow diet
until 3 months of age. Then, the mice were rando-
mized into control (ad libitum, AL) and experi-
mental (methionine restriction, MR) diet groups.
The AL group was fed normal mouse chow that
contained 0.86% methionine, while the MR group
was fed a modified chow diet that contained 0.15%
methionine. The two types of chow contained the
same number of calories. All animals were given
free access to food and water and were maintained
under a 12-h light/dark cycle throughout the
study. A separate cohort consisting of 20 animals
(male = 10, female = 10) per diet group was used
to assess lifespan characteristics, and survival was
measured by assessing mortality each week.

To study the effects of MR on kidney senes-
cence, we constructed another MR model. We
used male C57BL/6J mice in which the MR diet
was initiated at 20 months of age. The mice were
randomly divided into two groups and fed the AL
or MR diet (OAL and OMR groups, respectively).
At 22 months of age, six mice per group were
euthanized with sodium pentobarbital (45 mg/kg,
i.p.). Blood was collected from the inner canthus.
Kidney tissues were removed and perfused with
ice-cold, isotonic phosphate-buffered saline (PBS)
to remove any remaining blood. The tissues were
immediately frozen in liquid nitrogen and stored
at −80°C until further processing.

Serum biochemistry analysis

Serum samples were collected by centrifugation at
3,000 rpm for 10 min and stored at −80°C before
analyses. Serum biochemical parameters were
measured using an autoanalyzer (Cobas8000,
Roche, Germany).
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Renal histopathological studies

Kidneys were excised, fixed in 4% paraformal-
dehyde and embedded in paraffin. For light
microscopy, paraffin-embedded renal sections
(4 mm thick) were stained with periodic acid-
Schiff (PAS) solution and examined under
a microscope. Histological examinations were
performed independently in a blinded fashion
by two observers. All group samples were eval-
uated, and after scoring 10 randomly selected
fields from each sample at a total magnification
of 400x, the average scores were calculated. The
four main indicators were (1) tubular epithelial
cell degeneration, (2) tubular atrophy, (3) inter-
stitial inflammatory cell infiltration, and (4)
interstitial fibrosis. Scoring was based on the
percentage of lesions mentioned above in the
renal interstitial area: 0% was counted as 0
points, 0–25% was counted as 1 point, 25–50%
was counted as 2 points, 50–75% was counted
as 3 points, and >75% was counted as 4 points.

Cell culture

HK-2 cells and NRK-52E cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 5% fetal bovine serum (FBS)
in a humidified atmosphere of CO2/air (5%/95%)
at 37°C. In vitro, MR was achieved by incubating
the cells in DMEM (lacking methionine) supple-
mented with 5% dialyzed FBS and 6 mg/L methio-
nine for up to 48 h. IS-induced senescence was
achieved by incubating the cells with IS (250 μM)
for 48 h.

Measurement of senescence-associated β-
galactosidase (SA β-gal) activity

Serum-starved cells were incubated with or with-
out IS for 48 h. Positive cells were measured using
a Senescence Detection Kit (Abcam) according to
the manufacturer’s instructions. The cells were
cultured in three wells for every group. SA-β-gal
staining was quantified by light microscopy and by
a researcher who was blinded to the treatments.
The cells were rinsed with PBS, and three

microscopic fields were counted in each well to
determine the percentage of SA-β-gal-positive
cells.

Western blot analysis and antibodies

The frozen kidney tissues were lysed in RIPA lysis
buffer and centrifuged at 12,000 g for 30min at 4°C to
obtain the cellular proteins in the supernatant. Equal
amounts of protein from each sample were resolved
by SDS-PAGE, transferred to nitrocellulose (NC)
membranes and blocked with 5% skim milk for 1 h
at room temperature. The membranes were then
probed with the following primary antibodies at 4°C
overnight: anti-p16 (ab51243, Abcam), anti-cystathio-
nase (ab151769, Abcam) and anti-actin (ab151769,
Abcam); anti-p21 (10355–1-AP, Proteintech) and
anti-p53 (10442–1-AP, Proteintech); anti-IL-1β
(sc-12742, Santa Cruz Biotechnology); and anti-
phospho-AMPK (2535, Cell Signaling Technology),
anti-AMPK (2603, Cell Signaling Technology), anti-
phospho-mTOR, (5536, Cell Signaling Technology),
anti-mTOR (2983, Cell Signaling Technology), anti-
phospho-4EBP1 (2855, Cell Signaling Technology),
anti-4EBP1 (9644, Cell Signaling Technology), anti-
phospho-S6K (9234, Cell Signaling Technology), and
antio-S6K (2708, Cell Signaling Technology). The
blots were subsequently probed with horseradish per-
oxidase-conjugated anti-rabbit IgG (Santa Cruz
Biotechnology) at 1:1000–5000. Immunoreactive
bands were visualized by enhanced chemilumines-
cence, and densitometry was performed using
Quantity One software (Bio-Rad Laboratories).

Immunofluorescence staining

For immunofluorescence staining, cultured cells
were washed with PBS. After blocking with 10%
Superblot for 20 min, the cells were incubated
overnight at 4°C in a humidified chamber with
anti-IL-1β (sc-12742, Santa Cruz Biotechnology)
and anti-IL-8 (MAB208-100, R&D Systems) anti-
bodies. After washing with PBS, the anti-IL-1β
antibody was probed with FITC-labeled goat anti-
rabbit IgG for 1.5 h in the dark at room tempera-
ture. After washing with PBS, the proteins were
observed by fluorescence microscopy, and the cells
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were photographed using a confocal microscope.
The fluorescence intensity was estimated by an
image analyzer (Image-Pro Plus). Five fields were
counted in each group.

Enzyme-linked immunosorbent assays (ELISAS)

The kidney tissues were stored at −80°C.
Albuminuria, kidney injury molecule 1 (KIM-1),
and neutrophil gelatinase-associated lipocalin
(NGAL) levels in urine as well as IL-6 and IL-1β
levels in tissue homogenates and cell culture
supernatants were measured using ELISA kits
(R&D Systems) according to the manufacturer’s
instructions. H2S was also measured using an
ELISA kit (Neo Scientific) according to the man-
ufacturer’s instructions.

Transfection of siRNA

NRK-52E cells were cultured in DMEM containing
5% FBS at 37°C in a 5% CO2 atmosphere. siRNA
transfection was conducted in NRK-52E cells to
knock down the expression of AMP-activated pro-
tein kinase (AMPK). In the case of off-target effects,
two different AMPK siRNA sequences were used in
this study. We transfected 3 × 10 [5] cells per six-
well plate with siRNA (80 nM) using Lipofectamine
RNAi MAX transfection reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
turer’s instructions for reverse transfection. The fol-
lowing target sequences were used:

AMPK siRNA-1:
5ʹ-CCGGGCTGTGGATCGCCAAATTATTCAA

GAGATAATTTGGCGATCCACAGCTTTTTTG-3;
AMPK siRNA-2:
5ʹ-CCGGGCAAACCATACGACATTATTTCAA

GAGAATAATGTCGTATGGTTTGCTTTTTTG-3ʹ.
The siRNA sequences were designed and pro-

duced by GenePharma Co., Ltd. (Shanghai,
China). The transfection efficiency was deter-
mined using a fluorescence microscope. At 48 h
posttransfection, cells were terminated and pre-
pared for subsequent assays.

Total RNA isolation and real-time PCR

Total RNA was isolated from renal tissues using
TRIzol (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instructions. A UV spectrophot-
ometer was used to measure the concentrations of
total RNA. Reverse transcription was performed
using a TIANScript RT kit (Tiangen Biotech,
Beijing, China). Amplification was performed on
a 7500 real-time PCR system (Applied Biosystems,
Foster, CA). The reaction mixture comprised 50 ng
of complementary deoxyribonucleic acid, 0.2 μM pri-
mers, and 10 μL of 2 × SYBR green buffer (Applied
Biosystems, Foster, CA) in a final volume of 20 μL.
The primers were designed using the software pack-
age Primer Express 2.0 (Applied Biosystems) based on
GenBank nucleotide sequences. Realtime PCR was
conducted using the following primers:

klotho-mouse (forward: 5ʹ-TGTGACTTTGCTT
GGGGAGTT-3ʹ; reverse: 5ʹ-TCTTGGCTACAAC
CCCGTCT-3ʹ),

IL-1A-mouse (forward: 5ʹ-AGTCAACTCATTG
GCGCTTG-3ʹ; reverse: 5ʹ-GAGAGAGATGGTCA
ATGGCAGA-3ʹ),

GAPDH-mouse (forward: 5ʹ-AGAAGGTGGTG
AAGCAGGCATCT-3ʹ; reverse: 5ʹ-CGGCATCGA
AGGTGGAAGAGTG-3ʹ).

Statistical analysis

All data were analyzed using SPSS 17.0 (SPSS,
Chicago, IL). Log-rank tests were used for mice
survival analysis. Comparisons among groups
were analyzed by analysis of variance (ANOVA).
Values of P < 0.05 indicated statistical significance.

Results

MR extends the lifespan of C57BL/6 mice

The effects of lifelong MR were evaluated in
C57BL/6J mice in which the diet was initiated at
3 months of age. After 68 weeks, significant differ-
ences in the survival rates of the two groups were
observed. A logrank test showed that the lifespan
was dramatically higher in the MR group than in
the AL group (P = 0.009) (Figure 1).

Effects of MR on serum biochemistry parameters
in aged mice

After 2 months of dietary intervention, we tested
the blood biochemical markers in mice of the OAL
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and OMR groups. No differences in the total pro-
tein or albumin levels were observed, indicating
that MR did not cause malnutrition. The blood
glucose and cholesterol levels in the OMR group
were decreased compared to those in the OAL
group (P < 0.05) (Table 1). Thus, MR may bene-
ficially regulate blood glucose and lipid levels.

PAS staining and early kidney injury markers

Renal PAS staining showed that mice in the OAL
group exhibited structural damage characterized by
glomerulosclerosis, tubulointerstitial injury, tubular
atrophy, vacuolar degeneration, inflammatory cell
infiltration and other pathological changes.
Structural changes in mice of the OMR group

occurred to a lesser degree. However, there was no
significant difference in the renal histopathological
scores between the two groups; this effect was likely
due to the short time of MR (Figure 2(a, b)). KIM-1
is an epithelial phagocytic receptor that is markedly
upregulated in the proximal tubule in various forms
of acute and chronic kidney injury. NGAL was ori-
ginally identified in and purified from human neu-
trophils and is also expressed in the kidney.
Pathologic or stressful conditions, such as inflamma-
tion, infection, and kidney injury, can upregulate
NGAL synthesis. Urinary NGAL and Kim-1 are
recently recognized biomarkers of acute injury in
proximal tubular epithelial cells, and their upregula-
tion is observable in various renal injuries [21–26].
Therefore, we continued to measure the levels of
early-kidney injury markers in urine, such as albu-
minuria, KIM-1, and NGAL, in the different groups.
Two months of MR could reduce the level of albu-
minuria in the urine of mice, while the levels of
NGAL and KIM-1 were not significantly different
(Figure 2(c–e)).

MR slows kidney senescence and suppresses the
SASP

After 2 months of dietary intervention, we measured
the senescence markers p16INK4a, p21, and p53 in
the aging kidneys. The levels of these markers were
lower in the OMR group than in the OAL group,
demonstrating that initiating MR after maturity can
slow kidney senescence (Figure 3(a, b).

Figure 1. Increased longevity in C57BL/6 mice fed a MR diet. Three-month-old C57BL/6 mice were randomized into a control group
(n = 10) and a diet group (n = 10). The control group (AL) was fed AIN-93 chow, and the diet group (MR) was fed chow in which the
methionine content was reduced to 15% of that in the control diet.

Table 1. Metabolic parameters and renal functions in the OAL
and OMR groups.

OAL group OMR group

Body weight (g) 32.15 ± 2.09 30.20 ± 1.24
Kidney weight/Body weight 0.0065 ± 0.00089 0.0069 ± 0.00123
Albumin (g/L) 33.53 ± 4.62 34.25 ± 2.26
Total protein (g/L) 57.5 ± 4.62 55.2 ± 2.62
Glucose (mmol/L) 11.36 ± 1.67 7.13 ± 0.48*
Creatinine (μmol/L) 14.36 ± 4.90 16.40 ± 8.67
Serum urea nitrogen
(mmol/L)

7.46 ± 0.74 8.70 ± 1.47

Cholestrol (mmol/L) 3.61 ± 0.36 2.47 ± 0.36*
Triglycerides (mmol/L) 0.77 ± 0.03 0.71 ± 0.06
Glycosylated serum protein
(μmol/L)

134.5 ± 28.3 129.9 ± 25.1

Ca (mmol/L) 2.4 ± 0.19 2.2 ± 0.14
P (mmol/L) 3.0 ± 0.52 3.3 ± 0.28

OAL, old ad libitum; OMR, methionine restriction. Data are presented as
means±SD (n = 6–8).* p < 0.05 OMR vs. OAL.
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Because the SASP can accelerate cellular
aging, we also assessed proteins involved in this
process. To determine the extent to which MR
suppressed SASP induction, we measured the

levels of IL-6 and IL-1β by immunoblotting
and ELISA. The kidney expression levels of IL-
6 and IL-1β were lower in the OMR group than
in the OAL group (Figure 3(c, d)). These results

Figure 2. Representative pictures and histology scores of glomerular and tubulointerstitial lesions based on standard procedures. (a)
The black arrows indicate a fibrous crescent, cell proliferation, and glomerulosclerosis in the glomerular lesions and interstitial
inflammatory cell infiltration in the tubulointerstitial lesions. MR improved glomerular and tubulointerstitial lesions. (magnification
×400) (b) Histology scores based on standard procedures were not significantly different between the OMR and OAL groups. (c-e)
The levels of albuminuria, KIM-1, and NGAL in urine of different groups. The quantitative analysis included 20 random fields per
mouse. The data are presented as the means ± SD (n = 6–8).
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Figure 3. MR slows senescence and suppresses the SASP in the kidneys through TSP andAMPK/mTOR. (a and b) Levels of senescencemarkers
p16, p53, p21 and IL-1β in the young group (3-month-old), control group (OAL), and diet group (OMR). (c and d) Levels of IL-1β and IL-6 in the
kidneys in the young group (3-month-old), control group (OAL), and diet group (OMR). (magnification ×40) (e and f) MR increases the TSP key
enzyme CGL and H2S levels. (e) Levels of the TSP key enzyme CGL in the kidneys in the young group (3-month-old), control group (OAL), and
diet group (OMR). (f) Concentrations of H2S in the serum in the young group (3-month-old), control group (OAL), and diet group (OMR).
*P < 0.05. (g-i) MR increases phospho-AMPK and attenuates phosphor-mTOR levels. (G) Levels of phospho-AMPK in the kidneys in the young
group (3-month-old), control group (OAL), and diet group (OMR). (h-j) Levels of phospho-mTOR and its downstream target phospho-4EBP1
and phosphor-S6K in the kidneys. Three replicates were used for western blot quantification. Values are presented as means ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001 versus OAL. NS, not significant. (n = 6–8).
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suggest that MR prevents SASP induction in
aging kidneys.

MR increases CGL expression and H2S levels

Methionine is the most important source of H2S,
and CGL is required for the production of endo-
genous H2S. To determine whether the effects of
MR were mediated by endogenous H2S, we mea-
sured the expression levels of the TSP enzyme CGL
in the kidneys and the concentration of H2S in the
serum, revealing that the CGL and H2S levels were
increased significantly by MR (Figure 3(e, f)). This
finding suggests that endogenous H2S production
was increased in our study.

MR increases phosphorylated AMP-activated
protein kinase levels and attenuates mammalian
target of rapamycin (mTOR) phosphorylation

In previous studies, H2S inhibited high glucose-
induced matrix protein synthesis by activating
AMPK in renal epithelial cells [27]. In addition,
mTOR, a master regulator of protein synthesis, was
shown to regulate the SASP. Moreover, AMPK and
mTOR both participate in aging-associated nutrient-
sensing systems. Thus, we hypothesized that the
effects of MR and H2S are mediated by AMPK/
mTOR. MR increased phosphorylated AMPK
(Thr-172) levels and decreased phosphorylated
mTOR (Ser-2448) levels in the kidney. The phos-
phorylation levels of 4E-BP1 (Thr-36/47) and S6K
(Thr-389), which are downstream of mTOR, were
also significantly lower in the OMR group than in
the OAL group (Figure 3(g–i)). These results suggest
that the protective effects of MR are associated with
the upregulation of AMPK phosphorylation and the
inhibition of mTOR phosphorylation.

MR slows is-induced senescence and suppresses
the SASP in HK-2 cells

To determine the influence of MR on senescence,
HK-2 cells were cultured under standard condi-
tions in media with or without IS and in media
with low methionine concentrations. To create the
aging model, we used 250 µM IS; this concentra-
tion is comparable to the mean IS serum level in
patients on hemodialysis [28]. The low methionine

concentration had a significant effect on IS-
induced senescence. The percentage of SA β-gal-
positive cells and the expression levels of p21 and
p53 were lower in cells grown in IS and MR con-
ditions than in cells grown in the IS conditions
(Figure 4(a–c)). In addition, the number of SA β-
gal-positive cells was greater under IS conditions
than under IS+MR conditions (Figure 4(d)).

The primary components of the SASP include IL-
1β, IL-6 and IL-8 [29–31]. To screen for induction of
the SASP, we used ELISAs to measure the levels of
IL-1β and IL-6 in cell culture supernatants with or
without IS treatment. In addition, we also measured
the levels of IL-1β and IL-8 by immunofluorescence.
In the IS group, the expression levels of IL-1β, IL-6
and IL-8 were unregulated in response to IS-induced
senescence (Figure 4(e–h)). These results suggest
that IS activated the SASP in HK-2 cells. In addition,
the initiation of MR after physical maturity slowed
senescence and suppressed the SASP in renal tubular
epithelial cells.

MR increases CGL expression and H2S levels and
activates the AMPK pathway in HK-2 cells

We also measured the CGL and H2S levels in HK-2
cells. In our in vitro experiments, CGL and H2S levels
were increased significantly by MR (Figure 5(a, b)).
MR also significantly increased AMPK phosphoryla-
tion levels and decreased mTOR and 4EBP1 phos-
phorylation levels (Figure 5(c, d)). During IS-induced
senescence in HK-2 cells, MR delayed senescence-
related changes by increasing endogenous H2S synth-
esis and upregulating the AMPK pathway. These
results further showed that endogenous H2S produc-
tion was increased in our study and may regulate the
protective effects of MR.

Ampk/mtor mediate the inhibition of is-induced
senescence and the SASP by MR

To verify the important role of the AMPK/mTOR
pathway in MR-mediated delayed senescence, we
added the AMPK inhibitor compound C (CC) to
the culture medium. The markers of senescence
and the SASP were not different between the
IS+MR+CC and IS groups (Figure 6(a–d)). The
effect of MR on delaying senescence was diminished
when AMPK was inhibited. These results suggest
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Figure 4. MR slows IS-induced senescence and suppresses the SASP in HK-2 cells. (a–c) Western blot analyses showing the levels of
the senescence markers p53 and p21 in the three groups. (d) Serum-starved HK-2 cells were incubated with or without IS (250 μM)
for 48 h; then, the cells were stained for SA β-gal, and the number of SA β-gal-positive cells was counted. (magnification ×400) (e
and f) The levels of IL-1β and IL-6 in cell culture supernatants were analysed by ELISA. (g-i) Immunofluorescence results show IL-1β
and IL-8 staining. The fluorescence intensity was lower in the IS+MR group than in the IS group. (magnification ×200). Three
replicates were used for quantification. Values are presented as means ± SD. *P < 0.05, **P < 0.01.
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that AMPK/mTOR may be an important pathway
via which MR regulates antiaging and related
changes. However, we still observed significantly
increased CGL and H2S levels under MR. The H2

S levels at 24 and 48 h were significantly increased
under MR regardless of whether AMPK was inhib-
ited (Figure 6(e–g)). These data suggest that AMPK
inhibition does not affect H2S production; however,
whether H2S regulates AMPK remains unclear.

To further confirm the effect of MR on senes-
cence, we also analyzed this restriction in rat renal
tubular cells (NRK-52E). MR delays senescence
and suppresses the SASP through endogenous
H2S and AMPK/mTOR (Supplement Figure 1).

Discussion

In the past few decades, DR has been shown to
extend the lifespan and slow aging-related changes

in human, mouse, fly, and worm models. Most
kidney aging studies use rodent or mammal mod-
els, and many studies have shown that DR can delay
aging-induced CKD progression, improve kidney
function, and decrease kidney disease morbidity
[32]. Short-term DR also has a renoprotective effect
on experimental cisplatin-induced AKI [33], for
which the major risk factor is age. Recently, studies
on whether the restriction of a certain nutrient
mediates the protective effects of DR have attracted
more attention. However, limiting carbohydrates,
lipids, or minerals alone did not significantly pro-
long life or inhibit tumors like overall DR [34].
Most of the studies focused on protein restriction
(PR) have reported significantly extended life spans
[35]. Although these effects are not as pronounced
as those achieved with 40% DR, this finding indi-
cates the importance of PR in overall DR. Studies
have shown that PR, and particularly MR, can yield

Figure 5. MR increases H2S production and AMPK/mTOR phosphorylation. (a) Levels of CGL assessed by Western blot; CGL activation
was lower in the IS group than in the IS+MR group. (b) H2S levels were increased by MR in HK-2 cells. (c and d) Phosphorylated
AMPK levels were significantly increased after MR treatment. The protein band intensities are presented as ratios compared to the
intensities of the total bands; the data from the control group were arbitrarily set as 1.0. Three replicates were used for
quantification. Values are presented as means ± SD.
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effects similar to those of DR. MR can reduce oxi-
dative stress, improve insulin sensitivity, and pro-
long lifespan, but these effects are not as
pronounced as those of DR [9,12,36]. However,
the specific mechanism of MR is unclear.

MR has been shown to dramatically reduce body
weight and adiposity and improve insulin sensitiv-
ity in young, healthy mice [37]. Therefore, the abil-
ity of MR to reverse age-induced insulin resistance
and dysfunctional lipid metabolism to levels found
in healthy young mice may play a role in its ability
to extend lifespan [38]. Recently published data for
unicellular fungi indicate that the induction of
autophagy is an alternative mechanism for MR-
induced lifespan extension [39]. The effects of MR
are at least partially due to reduced oxidative stress
in human diploid fibroblasts and rodents [40]. Thus
far, few studies have reported the impact of lifelong
MR on aging and aging-related changes. We have
demonstrated that lifelong MR does not have
adverse effects, such as malnutrition, on rodents.
Moreover, lifelong MR can increase survival rates.
To a certain extent, our studies prove the important
role of MR in delaying aging.

However, how MR directly or indirectly regu-
lates the downstream pathway remains unknown,
and a key molecule or trigger protein may be
involved. Exogenous H2S donors, such as NaHS,
can have multiple protective effects, such as indu-
cing a suspended animation state, on rats [17];
these effects, in turn, protect against global ische-
mia associated with severe blood loss [41]. In
addition, H2S has beneficial effects on metabolic
syndrome [42], cancer [43], neurodegeneration,
and multiple stress resistance [44]. Our previous
experiments also demonstrated that increased H2

S levels were present in aged F344 rats subjected to
long-term DR conditions [45]. Because methio-
nine is an important source of H2S synthesis
in vivo, it is reasonable to hypothesize that MR-
mediated protection occurs via H2S. Furthermore,
the data reported here clearly indicate that MR
indeed increased the expression levels of the TSP
enzyme and the production of endogenous H2S.

While the main source of IS is dietary tryptophan
conversion by intestinal flora, including Escherichia
coli, IS is also generated in the liver via oxidation and
sulfation. The normal excretion pathway for IS uti-
lizes the kidneys; however, IS accumulates in the

serum when renal clearance is impaired [28,46]. IS
that accumulates in the serum is transported to renal
proximal tubular cells and induces nephrotoxicity
[47]. Many mechanisms contribute to the nephro-
toxicity induced by IS. ROS production in proximal
tubular cells activates nuclear factor-kappa B (NF-
κB), which in turn upregulates the expression of
plasminogen activator inhibitor-1 [48], p53 [49],
transforming growth factor (TGF)-β, α-smooth
muscle actin (α-SMA), [20] and monocyte chemo-
tactic protein-1 (MCP-1) [50] and downregulates the
expression of klotho [51]. Changes in these factors,
particularly klotho and p53, also play an important
role in regulating cell senescence [52]. Here, we
report for the first time that low levels of methionine
can delay senescence in a human renal cellular
model. In addition, p53 levels were significantly
decreased by MR. This result suggests that MR may
have a regulatory effect on the p53 pathway or
a direct effect on klotho, which is upstream of p53.
The age-related gene klotho suppresses the expres-
sion of multiple age-associated phenotypes to extend
lifespan [53]. We also measured the levels of klotho
in vivo, revealing that MR increased klotho in the
kidney (Supplement Figure 2(a)). Klotho is predo-
minantly expressed in the kidneys, and its down-
regulation can increase oxidative stress to aggravate
the renal damage induced by angiotensin II. H2

S directly inhibits the activity of angiotensin convert-
ing enzyme (ACE), which catalyzes the conversion of
angiotensin I to angiotensin II [54]. Moreover, H2

S can decrease the binding affinity of angiotensin II
to the AT1 receptor and inhibit the activity of renin,
which participates in the renin-angiotensin system
[55]. Therefore, H2S may upregulate klotho expres-
sion to extend lifespan by negatively regulating
angiotensin II production. These data also demon-
strate that MR may mitigate IS-induced reduced
cellular senescence via H2S, which regulates klotho
and, thus, p53.

Cellular senescence is defined as stable arrest of the
cell cycle coupled with stereotypic phenotype changes
[56]. Additionally, cellular senescence is often accom-
panied by the SASP-induced secretion of proteins that
mediate the diverse effects of senescence on the tissue
microenvironment. The SASP involves many secreted
factors, such as cytokines and matrix metalloprotei-
nases [57], and this proinflammatory secretome may
contribute to senescence. Kidney aging cannot be
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separated from cell senescence. In recent years, the
SASP has attracted attention as a cell senescence phe-
notype and can potentially explain how senescent cells
alter tissue microenvironments, attract immune cells,
and induce malignant phenotypes in nearby cells
through the inflammatory, growth-promoting, and
remodeling factors that it produces. However, the
regulatory mechanism of the SASP is not fully under-
stood. Salminen and colleagues have shown that
NF-κB, C/EBPβ, and p38 MAPK can regulate SASP
secretion [58]. mTOR, a master regulator of protein
synthesis, has recently been shown to control the
SASP by modulating gene transcription and
mRNA translation and stabilization [59]. Rapamycin
increases IL-6 and other cytokine mRNA levels but

selectively suppresses the translation of the mem-
brane-bound cytokine IL-1A. Reduced IL-1A levels
suppress NF-KB transcriptional activity, which con-
trols much of the SASP [30]. The mRNA level of IL-
1A was also lower in the OMR group in our study
(Supplement Figure 2(b)). mTOR also controls the
SASP by differentially regulating the translation of
MK2 kinase through 4EBP1. In turn, MK2 phosphor-
ylates the RNA-binding protein ZFP36L1 during
senescence and inhibits its ability to degrade the tran-
scripts of numerous SASP components [31].With age
progression, AMPK is downregulated, whereas
mTOR is activated. Because MR can suppress the
SASP and delay senescence through endogenous H2

S and because AMPK/mTOR is the common pathway

Figure 6. Suppression of IS-induced senescence in HK-2 cells by MR is regulated by H2S and AMPK/mTOR. Cells were incubated with 8 μM
CC and with or without IS for 48 h. (a and b) Levels of the senescence markers p53 and p21 were analysed byWestern blot. (c and d) Levels
of IL-1β and IL-6 in cell culture supernatants were analysed by ELISA. (e) Cellular H2S concentrations. (f and g) Western blots showing
changes in CGL and the AMPK/mTOR pathway. *p < 0.05，**p < 0.01，***p < 0.001 versus IS+MR. #p < 0.05 versus IS+MR.

1584 S.-Y. WANG ET AL.



for aging and the SASP, a link between endogenous
H2S levels and AMPK/mTOR must exist. Our find-
ings demonstrate that the increase in endogenous H2

S upregulated AMPK and inhibited mTOR, 4EBP1
and S6K. The effects of exogenous H2S on AMPK
were described [60]. But our study demonstrated that
endogenous H2S elevation induced by MR can also
regulate AMPK. The source of H2S is different. This is
one of the innovations of this study is that MR can
regulate H2S-AMPK axis and then perform down-
stream functions. However, the specific mechanism
of the interaction between H2S and AMPK is not
clear. Lee et al. found that under high-glucose condi-
tions, mammalian target of rapamycin complex 1
(mTORC1) activation, shown by the phosphorylation
of p70S6 kinase and 4E-BP1, was inhibited by NaHS,
an H2S donor. The authors also found that CaMKKβ,
the major kinase involved in AMPK phosphorylation,
may be activated by NaHS [27]. Using molecular
docking predictions, 23 binding sites in the AMPK
protein were found to potentially bind H2S; these
results prompted an investigation into the importance
of AMPK to the effects of H2S [61].

Conclusion

Taken together, the results reported herein
demonstrate that a lifelong reduced methionine
diet extends the lifespan of rodents and suggest
that endogenous H2S contributes to lifespan exten-
sion. We have also demonstrated that the effects of
endogenous H2S on prolonging lifespan and sup-
pressing the SASP are mediated by the inhibition
of mTOR by AMPK. These findings extend our
mechanistic understanding of how MR can influ-
ence senescence at the cellular level. The results
also provide new evidence of the renal protective
effects of H2S. Moreover, the data provide a new
intervention for clinicians to slow the progression
of CKD in patients with this disease.
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