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Abstract Dietary methionine restriction (MR) has been
found to enhance longevity across many species. We
hypothesized that MR might enhance longevity in part
by delaying or inhibiting age-related disease processes.
To this end, male Fischer 344 rats were fed control (CF,
0.86% methionine) or MR (0.17% methionine) diets
throughout their life until sacrifice at approximately 30
months of age, and histopathology was performed to
identify the incidence and progression of two important
aging-related pathologies, namely, chronic progressive
nephropathy (CPN) and testicular tumorigenesis. Al-
though kidney pathology was observed in 87% CF rats
and CPN in 62% of CF animals, no evidence of kidney
disease was observed in MR rats. Consistent with the
absence of renal pathology, urinary albumin levels were
lower in the MR group compared to controls throughout
the study, with over a six-fold difference between the
groups at 30 months of age. Biomarkers associated with
renal disease, namely, clusterin, cystatin C, and β-2
microglobulin, were reduced following 18 months of
MR. A reduction in testicular tumor incidence from
88% in CF to 22% in MR rats was also observed. These

results suggest that MR may lead to metabolic and
cellular changes providing protection against age-
related diseases.
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Introduction

Dietary methionine restriction (MR) results in substan-
tial increases in survival in both vertebrate and inverte-
brate organisms (Orentreich et al. 1993; Richie et al.
1994; Zimmerman et al. 2003; Miller et al. 2005;
Johnson and Johnson 2014; Lee et al. 2014). Most of
the evidence that MR promotes longevity comes from
studies in rodent models. In both rats and mice, the
effects of MR include reductions in adiposity, blood
lipids, glucose, insulin, and IGF1 levels (Miller et al.
2005; Malloy et al. 2006; Dong et al. 2018). MR mice
fed high-fat diets are resistant to adiposity and remain
insulin sensitive (Ables et al. 2012). MR also increases
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adiponectin levels, energy expenditure, and mitochon-
drial biogenesis and aerobic capacity (Malloy et al.
2006; Hasek et al. 2010; Perrone et al. 2010). MR has
been shown to inhibit colon, prostate, and mammary
carcinogenesis (Komninou et al. 2006; Sinha et al.,
2014; Hens et al. 2016) and delay the onset of numerous
aging impairments, e.g., reduction in immune function
and lens turbidity (Miller et al. 2005). In mice, MR was
also effective at enhancing lifespan, even when initiated
in middle age, suggesting that the anti-aging effect was
not simply driven by a delay in growth and development
(Sun et al. 2009). A salient feature of MR is decreased
body weight and reduced food intake; however, when
adjusted for body weight, MR animals are mildly hy-
perphagic relative to their control-fed (CF) counterparts.
These effects of MR are not secondary to calorie restric-
tion (CR), and this is supported by pair feeding (PF)
studies in which CF were fed to the level consumed by
MR animals. Growth of PF animals was slightly atten-
uated compared to CF; however, serum biomarkers of
adiposity, visceral fat weight, and survival were compa-
rable to CF (Orentreich et al. 1993; Zimmerman et al.
2003; Malloy et al. 2006).

The effects ofMR on liver, fat, cardiac function, bone
development, and epithelial tight junctions have all been
reported (Ables et al. 2015; Lees et al. 2015; Mullin
et al. 2016; Ouattara et al. 2016). For instance, increased
plasma levels of fibroblast growth factor 21 (FGF21)
and its increased expression in hepatic tissue appear to
improve glucose metabolism in aged mice and in those
fed high-fat diets (Ables et al. 2012; Lees et al. 2014).
Interestingly, dietary MR also results in elevated plasma
homocysteine levels (Elshorbagy et al. 2010). Data from
both animal studies and clinical trials suggest an asso-
ciation between high homocysteine levels and increased
risk for cardiovascular disease (Dayal et al. 2012; Ma
et al. 2013). However, these results may not be defini-
tive, as some reports show no association between
hyperhomocystenemia and cardiovascular disease
(Cioni et al. 2016; Lupton et al. 2016), and no deleteri-
ous effects on cardiac function were demonstrated in
MR animals (Ables et al. 2015).

Effects of MR on kidney function have been recently
described (Cooke et al. 2018). In young and aging mice,
MR reduced urinary albumin and albumin-to-creatinine
ratio and upregulated genes that are involved in ion
transport. Utilizing unilateral nephrectomized and 5/6
nephrectomized (5/6Nx) mice, models of renal stress
and injury, respectively,MR reduced urinary and plasma

markers associated with renal disease. Moreover, in the
5/6Nx model, kidney lesions were reduced and molec-
ular markers associated with fibrosis and inflammation
were downregulated in response to MR (Cooke et al.
2018).

Male Fischer 344 rats develop several age-related
pathologies (Coleman et al. 1977); two of the most
prevalent are chronic progressive nephropathy (CPN)
and testicular cancer (Coleman et al. 1977; Goodman
et al. 1979; Hard et al. 2009). The delay of onset or
prevention of chronic diseases such as nephropathy or
cancer is a hallmark of delayed aging in CR animals (Yu
et al. 1982; Maeda et al. 1985; Weindruch and Walford
1988). That MR was renoprotective in induced models
of kidney disease led us to examine if progression of
CPN and testicular tumors in male Fischer 344 rats
could be attenuated in response to this dietary
intervention.

Methods

Animals and experimental diets

Six-week-old male Fischer 344 (F344) rats were obtain-
ed from Taconic Farms (Germantown, NY). All studies
were reviewed and approved by Orentreich Foundation
for the Advancement of Science, Inc., IACUC commit-
tee and conducted following the National Research
Council guidelines for laboratory animal use (Approval
Number: 0789RbRMHB). Animals were housed in a
conventional animal facility in groups of three in solid
bottom cages lined with wood chips (3 animals per
case), given free access to food and acidified water,
and maintained on a 12-h light/dark cycle, 50% humid-
ity, and 22 °C temperature throughout the study. A non-
purified diet was given to all animals during the 1-week
acclimation period, and then, they were randomly
assigned to one of two groups receiving purified diets
(Ziegler Brothers, Gardners, PA) containing either
0.86% methionine (CF, n = 8) or 0.17% methionine
(MR, n = 9). Both of these chemically defined diets
are based on the AIN-76 formulation with the protein
replaced by an amino acid mixture where Met is the
only source of sulfur amino acid (Orentreich et al. 1993;
Richie et al. 1994; Malloy et al. 2006). The glutamic
acid content of the MR diet is increased on an equal
gram basis to compensate for the lower Met content and
the choline content of both diets is 0.2%. This level of
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MRwas selected based on results of numerous previous
studies demonstrating its effectiveness at increasing life
span and beneficially impacting adiposity, oxidative
stress, and metabolism (Orentreich et al. 1993; Richie
et al. 1994; Malloy et al. 2006; Perrone et al. 2010;
Hasek et al. 2010; Maddineni et al. 2013). Twenty-
four hour food consumption was assessed monthly dur-
ing months 1–5 and 19–24 after the initiation of MR by
weighing the food ration for each cage at the beginning
and end of feeding. Body weights of the animals were
recorded throughout the study. Animals were sacrificed
when found to be moribund (Toth 2000). CF and MR
rats from two separate cohorts were used to obtain
samples for blood and urine chemistries.

Pathology

Animals were autopsied after CO2 euthanasia and ex-
amined for gross pathological lesions. Tissues were
removed and immediately fixed in 10% neutral buffered
formalin. Fixed tissues were embedded in paraffin, sec-
tioned at 4 μm, and stained with hematoxylin-eosin. A
trained pathologist in a blinded fashion performed the
histopathological examination. The grading system for
CPN was based upon four categories as previously
described (Yu et al. 1982): (1) no significant lesions to
mild, (2) moderate, (3) marked, and (4) end-stage
lesions.

Proliferating cellular nuclear antigen (PCNA) incor-
poration was analyzed on sections of paraffin-embedded
testes by immunohistochemistry as previously de-
scribed (Koshiji et al. 1998). Briefly, tissue paraffin
sections were deparaffinized, rehydrated, and then incu-
bated with 3% hydrogen peroxide for 10 min at 37 °C.
Tissue sections were incubated with the anti-PCNA
monoclonal antibody (DAKO, Santa Barbara, CA) op-
timally diluted 1:20 in phosphate-buffered saline (PBS)
for 30 min at 37 °C. A biotinylated goat anti-mouse
immunoglobulin was used as secondary antibody at a
dilution 1:200 in PBS, in which sections were incubated
for 30 min at 37 °C. This was followed by incubation by
streptavidin at a dilution of 1:400 in PBS for 30 min at
37 °C. The slides were incubated with 0.05% diamino-
benzidine solution for 10min at room temperature. Each
step was followed by three washes in PBS. The sections
were lightly counterstained with Lillie-Mayer’s alum
hematoxylin. PBS replaced the PCNA monoclonal an-
tibody as a negative control for immunohistochemical
staining experiments. PCNA positivity was expressed as

the ratio of PCNA-positive nuclei to total nuclei × 100
(labeling index) in each seminiferous tubule. A mini-
mum of 10 seminiferous tubules per section was
analyzed.

Clinical chemistry analyses

Urine and blood were collected from a different cohort
every 3–6 months beginning at 14 weeks on diet. Rats
were placed in plastic metabolic cages (Nalgene Com-
pany, Rochester, NY) and urine was collected for 24 h.
The samples were frozen at − 70 °C until analysis. For
blood collection, animals were fasted overnight and
anesthetized with Metofane™ (Pitman Moore,
Mundelin, Illinois) between 9:30 and 10:30 am to min-
imize possible diurnal variations. Blood was drawn
from the retro-orbital sinus plexus into a test tube using
a heparinized micropipette. After centrifugation at
2200 rpm for 15 min at 4 °C, the supernatant was stored
at − 40 °C until analysis. Urinary albumin levels were
measured spectrophotometrically using the bromocresol
green method (Biotriol, distributed by Equal Diagnos-
tics Exton, PA). The inter-assay coefficient of variation
(CV) was 12.3%. Creatinine was determined spectro-
photometrically using a commercial kit (Sigma Chemi-
cal Company, St. Louis, MO with a CV of 1.9%).
Plasma cholesterol and triglycerides were analyzed
using a Kodak Vitros clinical chemistry analyzer (CVs
< 5%). Plasma clusterin, cystatin-C, and β-2 microglob-
ulin levels were measured by Multiplex analysis using
the Luminex xMAP platform (Rules Based Medicine,
Austin, TX).

Statistical analysis

Data comparisons were performed using the Student’s t
test. Data are expressed as mean ± SEM. Fisher’s exact
test was employed to determine statistical differences in
disease incidence rates. Albumin levels measured over
time were compared between MR and CF group using
repeated measures analysis of variance (ANOVA). Indi-
vidual group trends were assessed using linear regres-
sion analysis.

Results

As observed previously (Orentreich et al. 1993; Richie
et al. 1994; Malloy et al. 2006), the growth of MR rats
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was substantially reduced compared to CF group with
mean body weights of MR rats being ~ 40% lower than
CF throughout the adult life span. This difference was
reduced to 27% at the time of sacrifice, due to body
weight losses in the moribund CF rats (Table 1). The
mean age at sacrifice of MR rats was 3 months greater
than that of CF rats (P < 0.0001). No differences in food
intake (g/rat/day) were observed either during the first 5
months of MR, or between 19 and 24 months prior to
the loss in body weight observed in MR rats compared
to CF group (Fig. 1). While these food intake measure-
ments were not performed in metabolic cages with
singly housed animals, there was no evidence of major
spillage of food or inter-individual differences in intake
among the rats in each cage.

Diet-specific changes in organ weights were exam-
ined (Fig. 2). Decreases in kidney and testes weights of
12 and 17%, respectively, were observed in MR com-
pared to CF rats at sacrifice. These differences in organ
weights were less than that observed for overall body
weight; however, organ to body weight ratios were 28%
greater for kidney and 25% greater for testes in MR
compared to CF rats (P < 0.00001).

Histopathologic examination of kidney tissues from
CF rats revealed lesions in seven out of eight animals
with CPN being the most common lesion (Fig. 3). Based
upon previously described criteria (Yu et al. 1982), CPN
lesions included one mild, one moderate, one marked,
and two end-stage cases occurring as early as 26 months
of age. Other lesions observed included hypernephrosis
in one rat and pyelonephritis in another. These findings
of CPN morphology and incidence are consistent with
previous reports where the severity of this disease rap-
idly increased from about 5–15% at 6 months of age to
65–75% at 24 months of age in F344 rats (Gray et al.
1982). MR completely eliminated the development of
CPN or any other renal pathology (Fig. 3). No evidence

of kidney disease was observed even in animals as old
as 36 months.

In order to assess renal function, 24-h urinary
albumin levels were analyzed at different ages
throughout the life span (Fig. 4). In CF animals, a
progressive three-fold increase in urinary albumin
was observed after 1 year continuing to a 19-fold
increase at 2 years of age (p < 0.05). In contrast,
lower urine albumin levels were observed in MR
rats at all times with an over six-fold difference
between the two groups at 2 years of age (p <
0.0001). Even at 28 months of age, when all CF
rats were dead in this cohort, urine albumin levels in
MR rats were similar to those of CF animals at 15
months of age (5.4 ± 1.6 mg/24 h). The effect of
MR on urinary albumin levels was also observed
when albumin was expressed per mg of urinary
creatinine and was accompanied by similar reduc-
tions in urinary levels of total protein of 42% and
78% in 15- and 25-month-old rats, respectively
(Table 2). The dramatic increase in albumin excre-
tion observed in CF animals over time was not
associated with a decrease in serum albumin or an
increase in serum creatinine (data not shown). De-
creased levels of blood lipids, cholesterol and tri-
glycerides, were observed in MR compared to CF
rats (Table 2).

The effect of MR on plasma markers for renal injury
was also examined in a separate cohort of animals feeding
onMR for 18months. ChronicMR resulted in significant
reduction of β-2 microglobulin, clusterin, and cystatin-C

Table 1 Age and body weights at the time of sacrifice

Age (months) Body weight (g)

Diet group N Mean ± SEM Range Mean ± SEM Range

CFa 8 29 ± 1.0 26–33 286 ± 16 215–337

MR 9 32 ± 0.9b 29–36 205 ± 14b 159–252

a Control-fed
b Significantly different from CF, P < 0.0001

Fig. 1 Food intake in F344 rats on Met-restricted (MR) and
control (CF) diets. Rats (8–9 per group) were randomized into
CF and MR groups at 7 weeks of age. Twenty-four-hour food
consumption was assessed monthly during months 1–5 and 19–24
after the initiation ofMR byweighing the food ration for each cage
at the beginning and end of feeding. Bars represent the mean daily
food consumption during the 5-month period. Error bars represent
SEM values
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by 48%, 34%, and 30%, respectively, compared to CF
animals (Table 3). MR also inhibited the development of
testicular tumors. The incidence of testicular lesions in the
CF group was 87.5% with six out of eight CF rats having
large Leydig (interstitial) cell tumors and one having
early-stage Leydig cell foci (Fig. 5a). In the MR group,
only two out of nine rats had tumors (22%), despite being
slightly older at sacrifice. Two other MR rats showed
signs of Leydig cell hyperplasia. Thus, MR resulted in a
75% reduction in testicular tumor formation as well as a
delay in the progression of the disease from the hyper-
plastic stage. This reduction was associated with a de-
crease in cell proliferation as the PCNA labeling index
was 16% lower in testicular tissue fromMR compared to
CF rats (P < 0.003) (Fig. 5b).

Discussion

The present findings indicate that MR is a potent inhib-
itor of two of the most common aging-related diseases in
the F344 rat, namely CPN and testicular cancer. These
data, together with previous findings that MR substan-
tially enhances longevity in the rat (Orentreich et al.
1993; Richie et al. 1994), support the hypothesis that
MR causes a delay in the biological aging process. MR
is also associated with a reduction in fat accumulation,
preservation of insulin activity, and a decreased produc-
tion of reactive oxygen species and oxidative damage in
heart and liver mitochondria in the rat (Malloy et al.
2006; Sanz et al. 2006). In the mouse, MR is associated
with reduced levels of insulin, glucose, and thyroid

Fig. 2 Organ weight changes in F344 rats onMet-restricted (MR)
and control (CF) diets. Rats (8–9 per group) were randomized into
CF andMR groups at 7 weeks of age and body and organ weights
were recorded at the time of sacrifice. Both absolute weights (left

panel) and weights relative to total body weight (right panel) are
presented. Bars represent the mean weights and error bars repre-
sent SD values. Significant differences (P < 0.00001) between CF
and MR groups are designated by asterisks

Fig. 3 MR eliminates chronic progressive nephropathy (CPN).
Rats were randomized into CF (n = 8) and MR (n = 9) groups at 7
weeks of age. Upon sacrifice when rats became moribund (26–33
months for CF and 29–36 months forMR), kidneys were removed
and processed for histopathologic analysis. *Significantly different
from control group, P < 0.04. †Significantly different from control
group, P < 0.02

Fig. 4 Prevention of the age-related increase in albumin excretion
by MR. Rats (6 per group) were randomized into CF and MR
groups at 7 weeks of age and 24-h urine samples were collected
every 5 months for albumin measurement. Values are mean ±
SEM. P < 0.05 for CF vs. MR at 30 months
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hormone, slower development of lens turbidity and age-
related changes in T-cell subsets and enhanced resis-
tance to oxidative liver cell injury induced by adminis-
tration of toxic doses of acetaminophen (Miller et al.
2005). Other evidence linking Met status with longevity
includes the finding of a strong inverse correlation (r2 =
0.93) between the proteinMet content in heart tissue and
maximum lifespan between mammalian species (Ruiz
et al. 2005). Consistent with this relationship between
reduced Met and longevity, recent findings in the ex-
tremely long-lived naked mole rat indicate that circulat-
ing Met levels are substantially lower than those ob-
served in mice (Lewis et al. 2018), a likely result of
higher levels of hepatic cystathionine β-synthase (CBS)
activation observed in this species (Olecka et al. 2018).

The development of CPN in F344 rats is highly aging
dependent with a progressive increase occurring with
age in nearly all animals. Indeed, the subsequent
glomerulosclerosis and renal failure resulting from
CPN can account for most of the spontaneous deaths
in these rats (Maeda et al. 1985; Masoro et al. 1989).
Deposition of immune complexes in the glomerular
basement membrane along with extensive cellular

proliferation (Friend et al. 1978) indicates increased
autoimmunity and inappropriate response of aging kid-
neys to different stresses. These animals also exhibit
other age-related conditions, which appear to be

Table 2 Clinical chemistry values in control-fed (CF) and MR rats

Diet
group

Age
(months)

Plasma
cholesterol
(mg/dL)

Plasma
triglycerides
(mg/dL)

Urinary protein
(mg/day)

Urinary albumin
(mg/day)

Urinary creatinine
(mg/day)

Urinary albumin/urinary
creatinine

CF 15 136 ± 11.4 142 ± 21.1 26.9 ± 2.1 5.56 ± 1.33 3.92 ± 0.99 1.42 ± 0.39

MR 15 74.2 ± 9.30a 47.7 ± 8.70a 15.7 ± 1.1a 1.34 ± 0.51b 3.41 ± 1.22 0.37 ± 0.13b

CF 25 168 ± 10.20 179 ± 14.90 94.9 ± 10.3 12.9 ± 8.00 3.98 ± 1.71 3.24 ± 0.81

MR 25 84.1 ± 10.60a 61.5 ± 10.10a 21.0 ± 1.70a 3.64 ± 0.75 3.79 ± 0.87 0.96 ± 0.24b

Data are presented as mean ± SEM, n = 6.
a Significantly different from CF group, P < 0.05
b Significantly different from CF group, P < 0.01

Table 3 Renal disease-associated plasma markers in control-fed
(CF) and MR rats

Diet group β-2microglobulin
(μg/mL)

Clusterin
(μg/mL)

Cystatin-C
(ng/mL)

CF 19 ± 2.2 64 ± 5.0 886 ± 85.5

MR 10 ± 1.2c 42 ± 2.5b 616 ± 47.5a

Data are presented as mean ± SEM, n = 5
a Significantly different from CF group, P < 0.02
b Significantly different from CF group, P < 0.004
c Significantly different from CF group, P < 0.006

Fig. 5 MR reduces tumor development and cell proliferation in
the aging rat. Rats were randomized into CF (n = 8) and MR (n =
9) groups at 7 weeks of age. Upon sacrifice when rats became
moribund (26–33 months for CF and 29–36 months for MR),
testes were removed and processed for analysis of histopathology
(a) and cell proliferation by PCNA immunohistochemistry (b).
*Significantly different from control group, P < 0.04. †Significant-
ly different from control group, P < 0.02. ‡Significantly different
from control group, P < 0.003
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secondary to the nephropathy, such as cardiomyopathy,
osteodystrophy, parathyroid hyperplasia, and calcium
deposits in heart, skeletal muscle, and kidneys (Maeda
et al. 1985). A similar age-associated increase in
glomerulosclerosis occurs in humans (Anderson and
Brenner 1986) and markedly progresses to renal failure
when complicated by diabetes, obesity, hypertension, or
atheromatosis (Matsumoto et al. 2000; Stern et al.
2001). The incidence of these conditions, often associ-
ated with insulin resistance and obesity, is escalating,
reaching alarming levels in the USA and the rest of the
Western world (Meigs 2002), and is likely to continue to
grow as populations age and become more obese.

To our knowledge, this is the first report linking
dietary reductions in Met intake with reductions in
CPN in rats. Previously in the rat, 40% MR was associ-
ated with reductions in oxygen radical generation and
oxidative DNA damage in the kidney (Caro et al. 2009).
More recent findings indicate thatMR is associated with
improved glucose homeostasis and attenuation of kid-
ney injury in mice (Grant et al. 2016; Cooke et al. 2018).

In rats, higher levels of total protein intake are asso-
ciated with the development of nephropathy, while diets
low in protein were protective against this disease
(Bertani et al. 1989). A reduction in Met intake could
be responsible, in part, for the protective effects of low
protein intake on the development of CPN. In the case of
CR, reduced incidence and severity of CPN occurred
with or without protein restriction suggesting that this
effect is independent of protein intake (Masoro et al.
1989). However, in studies where the intake of protein
was increased, the protective effects of CR were abro-
gated (Everitt et al. 1982). The effects observed with
MR, i.e., total inhibition of CPN, appear to be greater
than those observed in CR, where mild nephropathy
occurred in 25% of rats as early as 18 months and mild
to moderate nephropathy in 40–60% of animals by the
age of 24 months (Van Liew et al. 1992).

Since Met is often reduced in vegetarian diets, a
restriction in Met intake could be responsible for
reduced development of CPN in rats fed vegetarian
diets. When casein in the diet of F344 rats was
replaced by soy protein, a significant reduction in
CPN development was observed (Iwasaki et al.
1988) . L ikewise , a lowered inc idence of
nephropathy-related structural and functional chang-
es of the aging kidney was observed by feeding a
diet of 2% fish and 15% vegetable protein to Wistar
rats (Dodane et al. 1991). Indeed, these animals

shared other characteristics with the MR animals
including low body weights and an apparently long
lifespan.

MR also prevented the age-dependent albuminuria
observed in CF rats as early as 1 year of age and
exponentially progressing thereafter (Fig. 4). This is
similar to recent findings of MR in mice (Cooke et al.
2018). Increased albuminuria is commonly known to
occur during aging (Weaver et al. 1975; Alt et al. 1980).
In MR rats, albumin excretion was maintained at lower
levels throughout the study in accordance with the ob-
served elimination of nephropathy in these animals.
Indeed, the protective effects of MR on albuminuria
appeared to precede the observable protective effects
on CPN development, consistent with the notion that
albumin excretion is a sensitive and early biomarker of
renal pathology in the aging kidney (Van Liew et al.
1992).

To further support the renoprotective actions of MR,
we measured the levels of established markers of renal
injury, β-2 microglobulin, clusterin, and cystatin-C in
animals that were fed MR for 18 months. Similar to
recent data reported in mice (Cooke et al. 2018), clus-
terin levels in MR rats were significantly reduced rela-
tive to CF. In addition, both β-2 microglobulin and
cystatin C levels were decreased in MR rats. Lower
cystatin C levels have been reported in MR mice that
underwent 5/6 nephrectomy, a model of chronic kidney
disease (Lim et al. 2014), however, in mice that
underwent unilateral nephrectomy, levels were similar
to CF. (Cooke et al. 2018). We did not conduct histo-
logical examinations on these animals; however, previ-
ous studies show that male F344 rats of comparable age
havemild to moderate renal disease (Maeda et al. 1985).

Several hypotheses have been proposed for the path-
ogenesis of CPN, including glomerular hemodynamic
alterations (Anderson and Brenner 1986) associated
with diets high in caloric or protein intake,
intraglomerular thrombosis (Klahr 1989), and hyperlip-
idemia (Diamond 1989). Oxidative stress associated
with the accumulation of advanced glycosylation end-
products along with alterations in macrophage function
are also thought to play a role in age-related CPN
(Nakatsuji et al. 1998). The elimination of CPN in MR
may stem, in part, from the lifelong reduction in serum
lipids, insulin, and IGF-1 levels (Malloy et al. 2006).
Also, increased blood levels of glutathione, a major
regulator of oxidative stress, induced by MR (Richie
et al. 1994; Maddineni et al. 2013) may be playing a role
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as glutathione depletion is observed during aging (Lang
et al. 1992) and has been associated with the pathogen-
esis of diabetes (Murakami et al. 1989) and cancer
(Ames and Gold 1991). In addition, increased levels of
IGF-1 have been implicated in glomerulosclerosis, es-
pecially when it is complicated with diabetes (Lupia
et al. 1999). Transgenic mice resistant to GH have
reduced levels of IGF-1 and are resistant to diabetes-
induced nephropathy, while those chronically express-
ing GH show high levels of mesangial cell proliferation
and develop progressive glomerulosclerosis (Yang et al.
1993; Coschigano et al. 2000).

MR also had a remarkable preventive effect on the
development of testicular tumors (Leydig cell type).
According to the National Toxicological Program his-
torical control database (Haseman et al. 1990), the in-
terstitial cell tumor of testis is the most common spon-
taneous tumor in male F344 rats with an incidence of
88% (Goodman et al. 1979). This is similar to the tumor
incidence observed in the CF rats in the present study.
Lifelong feeding of the MR diet reduced this incidence
to 22%. This was associated with a significant decrease
in levels of cell proliferation. The mechanisms respon-
sible for this dramatic inhibition of tumor formation are
unknown but may involve a reduction in serum levels of
a number of growth factors, such as IGF-1 and insulin
which promote cell survival by protecting cells from a
variety of pro-apoptotic stimuli (Prisco et al. 1999).
Indeed, IGF-1 has been linked with a high risk of
epithelial cancers including those of breast, lung, and
colon (Pollak 2000). In support of this IGF-1 hypothe-
sis, a significant decrease in colonic cell proliferation
and formation of premalignant lesions has been ob-
served in MR rats treated with a colon specific carcino-
gen (Komninou et al. 2006).

Met itself may also be playing a critical role in cancer
development. Proliferation of many human and rodent
cancer cells depends on Met, in contrast to normal cells,
which are Met-independent (Mecham et al. 1983; Guo
et al. 1993a). A possible explanation for Met depen-
dence is the increased rate of transmethylation in cancer
compared to normal cells (Judde et al. 1989). Indeed, a
late S/G2 cell cycle arrest in Met-dependent tumor cell
lines growing under conditions of limiting Met source
was reported (Guo et al. 1993a). Furthermore, diets in
which Met was either the only amino acid excluded
from the protein composition or replaced by homocys-
teine resulted in regression of animal tumors and inhi-
bition of metastasis in animal models (Breillout et al.

1987, 1990). In contrast, dietary restriction of other
essential amino acids in tumor-bearing animals resulted
either in no antitumor effect or in life-threatening toxic-
ity (Sugimura et al. 1959). Methioninase, an enzyme
that specifically degrades Met, was effective at
inhibiting the growth of a variety of tumor types in
animals (Tan et al. 1996; Kokkinakis et al. 1997;
Yoshioka et al. 1998). In a clinical trial, when Met-free
parenteral nutrition was combined with chemotherapy,
response rates in gastric cancer were improved in com-
parison to those from only chemotherapy (Goseki et al.
1995). A phase I clinical study showed that enteral
dietary methionine restriction is safe and tolerable in
adults with metastatic tumor for as long as 39 weeks
with some preliminary evidence of antitumor activity
(Epner 2001).

Body weight may be an important yet unappreciated
factor in relation to aging and cancer risk, and a reduc-
tion in body weight gain appears to be a common
denominator in achieving disease inhibition. When Fi-
scher rats were fed a diet supplemented with dehydro-
epiandrosterone (DHEA) to reduce body weight gain
without energy restriction (Schwartz et al. 1981),
Leydig cell hyperplasia and tumor development were
completely inhibited (Rao et al. 1992). While an inhibi-
tion of tumor development by Met deprivation was
observed in sarcoma-bearing nude mice with no appar-
ent difference in body weight (Guo et al. 1993b), weight
loss in control animals about the time of death masked
the significant body weight decrease over time in the
Met-deprived group. In the present study, MR resulted
in a substantial reduction in body weight gain associated
with an inhibition of Leydig tumor development sug-
gesting that body weight could be a critical factor lead-
ing to many of the metabolic consequences of MR in
rats.

Altogether, these results, together with numerous
previous reports of the beneficial impact of MR diets
on health status, metabolism, and longevity, provide
further support thatMR, like CR, is effective in delaying
the aging process in rodent models. This includes find-
ings of enhanced longevity in numerous animal models
as well as decreased incidence and delay in age of onset
for many aging-related diseases and disorders including
cancer, cataracts, inflammation, and insulin insensitivi-
ty. These results are also consistent with prevailing
concepts in the gerontological literature stressing the
close relationship between metabolism and the aging
process (e.g., epidemiological associations between
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metabolic syndrome, frailty, and mortality in US adults)
(Kane et al. 2017). Altogether, these results provide
strong evidence for the importance of maintaining opti-
mal sulfur amino acid nutrition in the aging process.

Further studies on the similarities and differences
between these two models will help elucidate critical
pathways involved in the development of aging-related
diseases.
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