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ABSTRACT

Methionine restriction (MR) extends lifespans in multiple species through mechanisms that include enhanced oxidative stress resistance and
inhibition of insulin/insulin-like growth factor I (IGF-I) signaling. Methionine and S-adenosylmethionine (SAM) are the essential precursors of bacterial
quorum sensing (QS) molecules, and therefore, MR might also affect bacterial communication to prevent enteric bacterial infection as well as
chronic inflammation, which contributes to lifespan prolongation. Here, we discuss the influence of MR on oxidative stress resistance and inhibition
of insulin/IGF-I cell signaling and further propose a potential mechanism involving bacterial QS inhibition for lifespan extension. Unraveling the
connection between MR and inhibition of QS provides new strategies for combating infectious diseases, resulting in enriched understanding of
MR-induced lifespan extension. Adv Nutr 2020;11:773–783.
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Introduction
Methionine is an essential amino acid that promotes growth
(1), improves immunity (2, 3), enhances antioxidant func-
tion (4), regulates energy metabolism (5), and improves
reproductive performance (6). Over the past several decades,
research has focused on the beneficial effects of methionine
supplementation (dietary dosage of methionine exceeding
the animal requirements) in various species (Table 1).
However, there is evidence that excess methionine intake (2
times higher compared with a basal diet) results in growth
retardation and atherosclerosis in Apoe-deficient mice, which
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is referred to as “methionine toxicity” (7). Methionine restric-
tion (MR), a partial depletion of methionine from dietary
nutrition, is proposed to improve health by increasing energy
expenditure, regulating protein homeostasis, and improving
antioxidant functions and gut microbiota functions (Table 1)
(8–10). Notably, MR as an approach to prolonging lifespan
has been validated extensively in various animal models,
such as Caenorhabditis elegans, Drosophila, yeast, and mice
(11–14). Mechanisms by which MR extends lifespan may
include growth hormone signaling, nutritional factors, and
mitochondrial function (15).

Considering that the intestinal microflora regulates var-
ious crucial metabolic and immune responses of the host
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TABLE 1 Influence of methionine supplementation or restriction on physiologic function in different animals1

Animal models
Methionine dosage
compare with control Main findings Reference

Met supplementation
IUGR piglets 30% supplementation Improves intestinal integrity and oxidative status in weaning piglets (16)
Pregnant sows 33% supplementation Increases antioxidant capacity and alters intestinal microbiota of offspring (17)
Broilers 71% supplementation Improves growth performance and breast muscle yield (18)
Infected seabass2 100% supplementation Fosters plasma cortisol levels and promotes immune cells proliferation during

inflammatory insult
(19)

SD hypertensive rats 120% supplementation Enhances aortic constriction but decreases responsiveness to acetylcholine,
bradykinin, and sodium nitroprusside

(20)

Mice 133% supplementation Induces atherosclerosis and increases the aortic lesion area (7)
CSE-deficient mice 400% supplementation Induces acute lethal hepatitis and splenic atrophy (21)

Met restriction
Rats 40% reduction Decreases mitochondrial oxygen radical production and lowers oxidative

damage to proteins and mitochondrial DNA
(22)

Rats 80% reduction Improves epithelial barrier function by inducing altered tight junctional
protein composition

(23)

Mice 80% reduction Increases energy expenditure by 31% and reduces adiposity by 25% (24)
Mice 80% reduction Produces therapeutic responses in colorectal cancer by changing one-carbon

metabolism
(25)

Mice 80% reduction Enhances suppression of hepatic glucose production by insulin; enhances
insulin-dependent Akt phosphorylation in the liver; increases hepatic
expression and circulating FGF-21

(26)

Mice 86% reduction Induces bone marrow fat accretion through the body; decreases cortical bone
tissue density; decreases bone tissue density, bone surface, trabecula, bone
volume, and trabecular thickness

(27)

Mice 86% reduction Modulates renal response and attenuates kidney injury (28)

1Methionine supplementation or restriction is compared with the basal dietary in different animals. CSE, cystathionine γ -lyase; FGF, fibroblast growth factor; IUGR, intrauterine
growth retardation; SD, Sprague-Dawley.
2Photobacterium damselae subsp. Piscicida infection.

(29–31), the gut microbiota also affects the lifespan. For
example, polysaccharide colanic acid (a polysaccharide
metabolite secreted by multiple enterobacteria species) in-
creases the lifespan of the host by regulating mitochondrial
dynamics and unfolded protein responses (32). Although
Lactobacillus plantarum promotes lifespan, the overgrowth
of L. plantarum shortens lifespan in flies through a complex
mechanism involving lactic acid secretion and production of
reactive oxygen species (ROS) (33). Therefore, the preser-
vation of commensal microbiota homeostasis is pivotal for
preventing age-associated pathologies and even expanding
the lifespan of the host. Bacterial infection is one of the
threats to intestinal microbiota homeostasis and is also the
pathogeny of some age-associated diseases, such as diarrheal
diseases, lower respiratory infections, and pneumococcal
meningitis (34). Bacterial quorum sensing (QS) is necessary
for the expression of virulence genes during infection,
and QS inhibition has been considered as a potential
antivirulence strategy. S-adenosylmethionine (SAM), a me-
thionine metabolite, is the essential precursor of several
QS signaling molecules, such as acyl-homoserine lactones
(AHLs), autoinducer-2 (AI-2), and cholerae autoinducer-
1 (CAI-1) (35). Thus, MR may extend lifespan by in-
hibiting the bacterial QS system. In this perspective, we
try to summarize the mechanism of MR-induced lifespan
extension, with special emphasis on antioxidative capacity
and insulin/insulin-like growth factor I (IGF-I) signaling.

More importantly, we propose a mechanism involving the
inhibition of the bacterial QS system for MR-induced lifespan
extension.

Widely Accepted Mechanisms of MR-Induced
Lifespan Extension
As early as the last century, investigations on aging reversal
and lifespan prolongation received a great deal of attention.
In fact, a recent report indicated that the heritability of
longevity (h2) is only 16%, which is considerably lower
than expected (36). Apart from genetic factors, dietary
and environmental factors seem to play important roles in
lifespan control. In particular, dietary MR prolongs lifespan,
possibly through promoting proteostasis balance, reducing
oxidative damage, and modulating mitochondrial activity
(37–39), but there still exist some challenges to be elucidated
in these theories. Therefore, the exact mechanism by which
MR modulates lifespan remains to be well studied, and in this
paper, we examine the information on the recent progress in
MR-induced lifespan prolongation.

MR Postpones Senility by Reducing Oxidative Stress
Free radicals accumulate in mitochondria as a function of
time, resulting in the irreversible damage of various cellular
biomolecules (e.g., unsaturated fatty acids, proteins, and
nucleic acids), cellular senescence, and age-related diseases
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FIGURE 1 Diagrams of MR-induced oxidation resistance. Reduced intake of methionine in the diet reduces glutathione biosynthesis, and
GSH deprivation promotes the phosphorylation of PERK. Activated PERK represses the reassociation of NRF2/KEAP1 complexes to induce
transport of the NRF2 protein into the nucleus, where NRF2 preferentially combines with the small MAF protein to bind to the ARE and
activate the expression of genes for multiple antioxidant enzymes, like NQO1, CAT, HO-1, GSTs, and GCL. GSH deprivation also induces ARE
activity to enhance the NRF2 transcriptional response. In addition to activating the expression of NRF2, phosphorylated PERK triggers the
α-subunit of EIF2, which further activates ATF4 and the downstream antioxidative genes. Moreover, MR treatment lowers mitochondrial
ROS production by affecting complexes I and III, which are principal sites of mitochondrial ROS production on the mitochondrial
membrane, converting O2 to the strong oxidizing superoxide (O2

-•). The lines show the interactions between the players, with arrows
indicating activation and hammerheads indicating repression. AARE, amino acid–responsive element; ARE, antioxidant response element;
ATF4, activating transcription factor 4; CAT, catalase; EIF2-α, α-subunit of eukaryotic initiation factor 2; GCL, glutamate-cysteine ligase; GSH,
glutathione; GST, glutathione S transferase; HO-1, heme oxygenase-1; KEAP1, Kelch-like ECH-associated protein 1; MAF, small Maf protein;
MR, methionine restriction; NQO1, NAD(P)H quinone oxidoreductase 1; NRF2, nuclear respiratory factor 2; PERK, protein kinase R–like
endoplasmic reticulum kinase; Q, ubiquinone; ROS, reactive oxygen species.

(e.g., hypertension, atherosclerosis, and Alzheimer disease)
(40, 41). Therefore, strategies to neutralize or scavenge
mitochondrial free radicals may postpone senility and extend
lifespan. It has been hypothesized that MR-induced lifespan
prolongation is due to attenuated oxidative stress. MR
is one of the robust nutritional interventions to mitigate
oxidative stress in mammals and birds through promoting
the expression of antioxidative genes and inhibiting the
production of mitochondrial ROS (Figure 1) (42–54). In
the MR condition, although higher resistance to oxidative
stress is observed in long-lived mammals, there is a lack of
direct evidence to demonstrate that resistance to oxidative
stress accounts for lifespan prolongation. In addition, the
contribution of mitochondrial ROS production to lifespan
control needs further clarification. Elevated mitochondrial
ROS seems to be beneficial to lifespan prolongation due
to the elevated ROS responsible for intrinsic apoptosis,
which is crucial for lifespan prolongation in C. elegans (55).
The site of mitochondrial ROS production also determines

its effects on the lifespan of Drosophila based on the
discovery that ROS produced through complex I, rather
than complex II or III, rescues oxidative stress–induced
pathogenesis, and extends the lifespan of Drosophila (56).
As most evidence about MR-induced lifespan prolongation
through attenuation of oxidative stress is from invertebrates,
more investigations should be conducted to test this hy-
pothesis in mammals and other long-lived animals. If the
attenuation of oxidative stress accounts for MR-induced
lifespan prolongation, other antioxidative measures (such
as antioxidant supplementation) should also be beneficial
for longevity. However, dietary supplementation of multiple
antioxidants, such as vitamin C and vitamin E, has little
effect on lifespan extension (57). Collectively, it is chal-
lenging for us to conclude that MR-induced longevity is
mediated through the attenuation of oxidative stress. Thus,
it remains to be determined through well-designed investi-
gations if MR extends lifespan through attenuating oxidative
stress.
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MR Extends Lifespan by Regulating Insulin/IGF-I Cell
Signaling
Inhibition of IGF-I signaling plays a positive role in lifespan
extension in C. elegans, Drosophila, mice, and humans (58,
59). The possible mechanism involves increased resistance
to organismic stressors and tumors (60). Inhibition of
insulin/IGF-I signaling, such as mutations in insulin/IGF-I
signaling and lowering circulating concentrations of insulin
and IGF-I, can extend both the maximum and average
lifespan in mammals and invertebrates, despite there being
differences in insulin/IGF-I signaling between them (61–65).
MR-treated mice have lower concentrations of insulin and
IGF-I in plasma, as well as extended maximum and average
lifespans (66–68). Similarly, mice with dysfunctional IGF-I
synthesis [growth hormone knockout (GHRKO) and Ames
dwarf mice] were found to exhibit a longer median lifespan
(24% and 69%, respectively) than normal mice with adequate
methionine intake (150% of methionine requirements) (69).
However, there was no difference in median and maximal
lifespan between the Ames dwarf or GHRKO mice and
their wild-type counterparts when fed a severely methionine-
deficient diet (20% of normal requirements) (69). Although
these compelling results suggest that severe MR is highly
correlated with insulin/IGF-I signaling in lifespan prolon-
gation, a limitation of the study is that the author failed to
explore the lifespan of GHRKO and Ames dwarf mice with
a basal diet (100% of methionine requirements). In addition,
the mechanism through which MR modulates insulin/IGF-
I signaling needs to be elucidated in further investigations.
In fact, dysfunctional IGF-I synthesis in mice enhances the
methionine metabolism and modulates the related enzyme
activity (70, 71); thus, MR regulates insulin/IGF-I signaling,
possibly via the alteration of methionine metabolism.

MR may inhibit insulin/IGF-I signaling through the
generation of hydrogen sulfide (H2S), which decreases
insulin and IGF-I production (72). Endogenous H2S is
synthesized by the catalysis of cystathionine γ -lyase (CGL)
and cystathionine β-synthase catalysis (CBS) in the liver
(Figure 2A). MR increases the enzymatic activities of CGL
and CBS via the amino acid deprivation/integrated stress
response pathway, leading to the production of hepatic
H2S (73, 74). In pancreatic β cells, endogenous H2S in-
hibits insulin secretion by suppressing intracellular glucose
metabolism and ATP production (75). H2S also decreases the
concentrations of IGF-I and thyroxine (T4) in the blood (76).
Therefore, H2S likely mediates the inhibitory effect of MR on
insulin/IGF-I cell signaling (Figure 3). However, MR extends
the chronological lifespan of wild-type yeast, but it has little
effect on the sulfate assimilation-related gene mutant (H2S
production deficiency) (77). Although this finding by Choi
et al. queries the favorable effects of MR on longevity via
H2S production, it is noteworthy that such results arose
from a yeast model–based study without endogenous H2S
able to regulate the insulin/IGF-I signaling while considering
mammals with an endogenous H2S effect. This suggests that
MR induces lifespan extension in yeast through a signaling-
independent mechanism different from H2S or H2S-related

insulin/IGF-I. Studies and analyses of insulin/IGF-I signaling
in the sulfate assimilation-related gene mutant without H2S
production are needed to determine the correlations between
H2S production and insulin/IGF-I signaling in yeast-based
experiments.

Inhibition of insulin/IGF-I signaling is another potential
mechanism of MR-induced lifespan extension in mam-
mals; however, some research challenges this hypothesis.
For instance, mutation of insulin receptors in peripheral
tissues fails to prolong the murine lifespan (78). A possible
explanation is that insulin signaling affects lifespan in a
tissue-specific manner, such as a neuron-specific manner.

Perspective: MR May Prolong Lifespan by
Modulating Intestinal Bacterial QS
There is increasing evidence for additional mechanisms
whereby the intestinal microbiota manages the host lifespan.
Modulation of the intestinal microbiota by caloric restriction
reduces the antigen load to the host and is positively
correlated with lifespan in animals (79). Although there have
been few investigations on MR and the intestinal microbiota,
MR may have a favorable regulatory effect on the profile of
the intestinal microbiota (80). MR contributes to intestinal
microbiota homeostasis, possibly by modulating the bacterial
QS system by reducing the concentrations of methionine and
SAM.

Methionine is transformed into SAM by the methionine
adenosyltransferase (MAT) with ATP, and SAM is subse-
quently processed into S-adenosylhomocysteine (SAH) and
decarboxylated SAM (dcSAM) to participate in cysteine and
polyamine synthesis, respectively (Figure 2A). Methionine
is the only synthetic precursor for SAM, and >80% of
methionine in the liver is used to synthesize SAM (81).
Dietary MR reduces the levels of SAM as well as the SAM
to SAH ratio in the liver of mice, especially in young
mice (72, 82, 83), which contributes to maintaining the
free methionine concentration for protein synthesis. These
observations demonstrate that, apart from limiting systemic
SAM levels, MR also changes the metabolic pathway of
SAM, which tends to favor the transmethylation pathway
(84).

MR has a major influence on intestinal health, such
as improving epithelial barrier function and suppressing
the development of intestinal tumors (23, 85), whereas the
influence of MR on the intestinal microbiota is not well
known. SAM is the essential synthetic precursor in the
biosynthesis of QS signal molecules, AHLs, AI-2, and CAI-
1 (86) (Figure 2B), which coordinates bacterial activities in
high-cell-density environments. QS regulates the expression
of multiple genes and thereby controls bacterial behaviors,
such as bioluminescence, motility, biofilm formation, viru-
lence, and antibiotic production (Table 2). To achieve these
behaviors, bacteria sense the signaling molecules autoinduc-
ers (AIs) released by other bacteria through membrane and
cytoplasmic receptors.

The intestines of mammals harbor an extremely high
density of intestinal bacteria, and the concentration and
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FIGURE 2 SAM metabolism and the synthesis of AI-2 and AHL. (A) Pathways of SAM metabolism through participation in the synthesis of
cysteine and polyamines. (B) Methionine cycle and synthesis of AI-2 and AHL. In gram-negative bacteria, LuxI-type synthase catalyzes the
biosynthesis of AHLs through bonding the lactone moiety with a particular acyl chain, which is derived from SAM and acyl-ACP,
respectively. In this process, acyl-ACP is not the specific acyl chain donor because AHLs can also be synthesized from isovaleryl-CoA and
SAM in the catalysis of BjaI (the LuxI homolog). Notably, no other lactone moiety sources, except SAM, are known to participate in the
synthesis of AHLs. Similarly, AI-2 biosynthesis involves a series of enzymatic reactions in both gram-positive and gram-negative bacteria.
SAM first generates the toxic intermediate SAH via the transmethylation pathway, and then SAH is hydrolyzed into SRH in the presence of
Pfs; finally, SRH is converted into homocysteine and AI-2 in the catalysis of LuxS. The red letters represent the required enzymes in the
pathway. acyl-ACP, acyl-acyl carrier protein; AHL, acyl-homoserine lactone; AI-2, autoinducer-2; CBS, cystathionine β-synthase catalysis;
CGL, cystathionine γ -lyase; dcSAM, decarboxylated S-adenosylmethionine; HCY, homocysteine; H2S, hydrogen sulfide; LuxI, acyl
homoserine lactone synthase; LuxS, S-ribosylhomocysteine lyase; MAT, methionine adenosyltransferase; MS, methionine synthase; MTA,
5′-methylthioadenosine; MT, methyl transferase; ODC, ornithine decarboxylase; Pfs, S-adenosylhomocysteine nucleosidase; SAH,
S-adenosylhomocysteine; SAHH, S-adenosylhomocysteine hydrolase; SAM, S-adenosylmethionine; SAMD, S-adenosylmethionine
decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase; SRH, S-ribosylhomocysteine; X-CH3, methylated products.

diversity of the QS signal molecules could be much higher
than in any other ecosystem. Quorum sensing controls
nearly 10% of gene expression in certain pathogens (87).
For instance, the AHL and AI-2 signal molecules control

bacterial bioluminescence and virulence factor secretion
(e.g., extracellular toxins and metalloproteases) in Vibrio
harveyi by activating the target gene luxCDABE (88, 89).
In enterohemorrhagic Escherichia coli, AHLs and AI-2 also
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FIGURE 3 MR inhibits insulin/IGF-I cell signaling via the production of H2S. In the liver, MR increases the endogenous production of H2S
by increasing cystathionine γ -lyase and cystathionine β-synthase catalysis activities. Subsequently, H2S reduces the hepatic production of
IGF-I, which may be partly responsible for the reduced circulating concentrations of T4. H2S also decreases the secretion of IGF-I by
suppressing glucose metabolism in insulin-secreting β cells. The lines show the interactions among the players, with green arrows
indicating activation and red hammerheads indicating repression. H2S, hydrogen sulfide; IGF-I, insulin-like growth factor I; MR, methionine
restriction; T4, thyroxine.

affect the acid resistance of bacteria and the formation of
attaching and effacing (A/E) lesions (90). Hence, disruption
of bacterial QS signaling (also called quorum quenching)
by inhibiting the synthesis of the QS signal, degrading QS
signals, inhibiting QS signal diffusion, and blocking the
binding of QS signals and receptor proteins is an effective

therapeutic approach for combating bacterial infections
(91, 92).

The strategies that suppress the production of AIs include
inhibition of AI synthase and restrictions on levels of
synthetic substrates, although most studies have focused on
inactivation of AI synthase. Sinefungin, a methyltransferase

TABLE 2 The role of QS in the virulence expression of pathogenic bacteria1

Bacteria
Gram
stain QS signal molecule Function Reference

Staphylococcus aureus G+ AIP Expression of hemolysins, enterotoxins, exfoliating toxins, enzymes, and
surface proteins

(93, 94)

Streptococcus
pneumoniae

G+ CSP, BlpC Uptake and recombination of exogenous DNA, formation of biofilms, and lysis
of competitive bacteria

(95)

Pseudomonas aeruginosa G− AHLs (OC12-HSL, C4-HSL) Expression of genes involved in the production of rhamnolipids and
components of the type III secretion system

(96, 97)

Agrobacterium
tumefaciens

G− AHL (OC8-HSL) Dissemination of the Ti plasmid by horizontal transfer (98)

Chromobacterium
violaceum

G− AHL (C6-HSL) Bacterial aggregation, biofilm formation, swarming, production of pigment
violacein, and alkaline exoprotease activity

(99)

Burkholderia glumae G− AHL (C8-HSL) Expression of flagellar biosynthesis genes and control of virulence, motility,
and protein secretion

(100)

Escherichia coli G− AHL, AI-2, AI-3, NE, Epi Control of acid resistance and formation of A/E lesions (90)
Vibrio harveyi G− CAI-1, AHL, AI-2 Expression of virulence factors involved in biofilm formation, type III secretion,

and production of chitinase A
(101, 102)

Yersinia
pseudotuberculosis

G− AHLs (C6-HSL, C8-HSL) Control cellular aggregation/flocculation and swimming motility (103, 104)

Salmonella typhimurium G− AI-2, AI-3, NE, Epi Control of SPI-1 (invF, sicA, sopB, sopE) and flagellar (fliC, fliD) gene transcription (105)
1A/E, attaching and effacing; AHL, acyl-homoserine lactone; AIP, autoinducing peptide; AI-2, autoinducer 2; AI-3, autoinducer 3; BlpC, bacteriocin-like peptide QS signals; CAI-1,
cholerae autoinducer-1; CSP, competence-stimulating peptide; C4-HSL, N-butyryl homoserine lactone; C6-HSL, N-hexanoyl-L-homoserine lactone; C8-HSL,
N–octanoyl–l–homoserine lactone; Epi, epinephrine; G− , gram-negative bacteria; G+ , gram-positive bacteria; NE, norepinephrine; OC8-HSL, N-3-oxo-octanoyl-homoserine
lactone; OC12-HSL, N-3-oxo-dodecanoyl-L-homoserine lactone; QS, quorum sensing; SPI-1, Salmonella pathogenicity island 1.
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FIGURE 4 MR protection of the intestine from invasion by pathogenic bacteria. (A) When methionine is limited, the intestinal
commensal microbiota and pathogenic microbiota utilize SAM to synthetize AHLs and AI-2 signaling molecules. Once the amounts of
AHLs and AI-2 reach the threshold concentrations, they trigger the expression of a series of genes involved in bacterial bioluminescence,
motility, biofilm formation, virulence, and antibiotic production via a complex regulatory cascade, eventually resulting in colonization of
the intestine by pathogenic bacteria. (B) In the MR condition, the synthesis of AHLs and AI-2 is limited due to the deficiency in dietary
methionine. Thus, the low abundances of AHLs and AI-2 fail to activate the expression of the bacterial behavior-related genes, which
suppresses colonization of the intestine by pathogenic bacteria. AHL, acyl-homoserine lactone; AI-2, autoinducer 2; LuxI, acyl homoserine
lactone synthase; LuxS, S-ribosylhomocysteine lyase; MR, methionine restriction; Mts, methyl transferases; Pfs, S-adenosylhomocysteine
nucleosidase; SAM, S-adenosylmethionine.

inhibitor that suppresses transmethylation, decreases AI-2
production and downregulates the expression of luxS, pfs,
and speE in Streptococcus pneumoniae, thereby inhibiting
biofilm growth and colonization in vivo (106). Sinefungin
also inhibits the methionine cycle of S. pneumoniae, which
may alter the bacterial metabolites, biofilm formation, acid
tolerance, and lactic acid production (107). Whether sinefun-
gin treatment inhibits the biofilm growth and colonization
by inhibiting AI-2 production or by inhibiting methionine
metabolism remains to be determined. Several analogs of
SAM, such as butyryl-SAM and sinefungin, inhibit LuxI-
type synthase activity and decrease AHL production (108).
Mechanistically, SAM serves as the essential precursor for the
synthesis of AHLs and AI-2; therefore, SAM concentrations
may directly influence the production of AHLs and AI-2.
However, the quorum-quenching approach through target-
ing the SAM concentration has not been well investigated;
we could consider that SAM is the crucial metabolic inter-
mediate involved in transmethylation in mammals and pan-
inhibition with a nonspecific approach, likely resulting in
uncontrollable manifestations in the experimental animals.
As MR is the available dietary intervention that decreases
hepatic SAM production without adverse effects, MR is a
potential quorum-quenching strategy to prevent pathogenic
bacterial invasion.

Enteric bacterial infections trigger intestinal microbiota
dysbiosis, intestinal inflammation, and cancer. For example,
enterotoxigenic Escherichia coli (ETEC) infections increase
the abundance of γ -aminobutyric acid (GABA)–producing

bacteria to promote the expression of IL-17 and evoke intesti-
nal chronic inflammatory disease through mechanistic target
of rapamycin complex 1 (mTORC1) signaling (109, 110).
In addition, various enteric bacterial infections (e.g., ETEC,
Salmonella enteritidis, and Shigella flexneri) disrupt the
intestinal barrier to increase intestinal permeability, thereby
enabling the bacterial products (antigens) to enter the
bloodstream to induce systemic inflammation. Long-term
exposure to inflammation is adverse to health maintenance
and lifespan prolongation because the chronic inflammatory
status leads to macrophage dysfunction, oxidative stress, and
inexorable tissue injury, which accelerates cellular senescence
and metabolic syndrome (111). Consequently, the prevention
of enteric bacterial invasion and maintenance of homeostasis
of the intestinal microbiota are crucial for lifespan extension.

Based on the above analysis, we propose that dietary
MR could protect the host intestine and even the whole
body from pathogenic bacteria invasion because MR is an
effective strategy for QS inhibition (Figure 4) that maintains
the homeostasis of the intestinal microbiota and attenuates
systemic inflammation. Hence, it is conceivable that MR-
induced intestinal protection is also a possible mechanism of
lifespan extension.

Conclusions
Despite MR having been shown to extend the lifespan of
multiple species, the precise mechanism involved in this
process has not been elucidated because the lifespan is
controlled by numerous factors. Currently, the attenuation of
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oxidative stress and inhibition of insulin/IGF-I signaling are
the widely accepted mechanisms responsible for MR-induced
lifespan extension. In addition, we propose that dietary
MR is beneficial for preventing enteric pathogen invasion
and maintaining homeostasis of the intestinal microbiota
by inhibiting pathogenic QS, thereby preventing chronic
inflammation and postponing senility.

QS also serves as a communication system for stabilizing
commensal bacterial populations. For example, to overcome
ammonia-mediated alkaline toxicity, Burkholderia bacteria
produce oxalate in a QS-dependent manner to neutralize
the alkaline metabolites (112). Additionally, manipulation
of AI-2 contributes to the alleviation of antibiotic-induced
intestinal microbiota dysbiosis, which is accomplished by
favoring the expansion of Firmicutes bacteria and reducing
Bacteroidetes bacteria (113). Therefore, another specific
question is whether MR-induced quorum quenching af-
fects the composition of intestinal commensal microbes.
Unfortunately, due to the presence of multiple QS signals
in the mammalian intestine, current knowledge about the
influences of quorum quenching on the intestinal microbiota
is restricted. Hence, the open questions include the following:
1) whether MR affects the concentrations of QS signal
molecules (AHLs and AI-2), 2) whether MR affects the
intestinal microbiota through quorum quenching, and 3)
whether QS plays critical roles in MR-induced lifespan
extension.

Acknowledgments
We thank Guoyao Wu and Fuller W Bazer from Texas
A&M University and Philip R Hardwidge from Kansas State
University for their advice and support during the revision
of this manuscript. We thank LetPub (www.letpub.com)
for its linguistic assistance during the preparation of this
manuscript. The authors’ responsibilities were as follows—
PB, CZ, WR, and GZ: conceived the manuscript; PB, CZ, ZL,
and SL: discussed and prepared the manuscript; WR and GZ:
revised the manuscript; and all authors: read and approved
the final manuscript.

References
1. Shen YB, Weaver AC, Kim SW. Effect of feed grade L-methionine on

growth performance and gut health in nursery pigs compared with
conventional DL-methionine. J Anim Sci 2014;92(12):5530–9.

2. Vailati-Riboni M, Zhou Z, Jacometo CB, Minuti A, Trevisi E, Luchini
DN, Loor JJ. Supplementation with rumen-protected methionine or
choline during the transition period influences whole-blood immune
response in periparturient dairy cows. J Dairy Sci 2017;100(5):3958–
68.

3. Ghesquiere B, Gevaert K. Proteomics methods to study methionine
oxidation. Mass Spectrom Rev 2014;33(2):147–56.

4. Bin P, Huang R, Zhou X. Oxidation resistance of the sulfur amino
acids: methionine and cysteine. Biomed Res Int 2017;2017:9584932.

5. Tripodi F, Castoldi A, Nicastro R, Reghellin V, Lombardi L,
Airoldi C, Falletta E, Maffioli E, Scarcia P, Palmieri L, et al.
Methionine supplementation stimulates mitochondrial respiration.
Biochim Biophys Acta Mol Cell Res 2018;1865(12):1901–13.

6. Bin P, Azad MAK, Liu G, Zhu D, Kim SW, Yin Y. Effects of different
levels of methionine on sow health and plasma metabolomics during
late gestation. Food Funct 2018;9(9):4979–88.

7. Troen AM, Lutgens E, Smith DE, Rosenberg IH, Selhub J. The
atherogenic effect of excess methionine intake. Proc Natl Acad Sci
2003;100(25):15089–94.

8. Sanchez-Roman I, Barja G. Regulation of longevity and oxidative
stress by nutritional interventions: role of methionine restriction. Exp
Gerontol 2013;48(10):1030–42.

9. Yin J, Ren W, Chen S, Li Y, Han H, Gao J, Liu G, Wu X, Li T, Woo Kim
S, et al. Metabolic regulation of methionine restriction in diabetes. Mol
Nutr Food Res 2018;62(10):e1700951.

10. Ying Y, Yun J, Guoyao W, Kaiji S, Zhaolai D, Zhenlong W. Dietary
L-methionine restriction decreases oxidative stress in porcine liver
mitochondria. Exp Gerontol 2015;65:35–41.

11. Lee BC, Kaya A, Ma S, Kim G, Gerashchenko MV, Yim SH, Hu
Z, Harshman LG, Gladyshev VN. Methionine restriction extends
lifespan of Drosophila melanogaster under conditions of low amino-
acid status. Nat Commun 2014;5:3592.

12. Barcena C, Quiros PM, Durand S, Mayoral P, Rodriguez F, Caravia
XM, Marino G, Garabaya C, Fernandez-Garcia MT, Kroemer G, et al.
Methionine restriction extends lifespan in progeroid mice and alters
lipid and bile acid metabolism. Cell Rep 2018;24(9):2392–403.

13. Ruckenstuhl C, Netzberger C, Entfellner I, Carmona-Gutierrez D,
Kickenweiz T, Stekovic S, Gleixner C, Schmid C, Klug L, Sorgo AG,
et al. Lifespan extension by methionine restriction requires autophagy-
dependent vacuolar acidification. PLoS Genet 2014;10(5):e1004347.

14. Cabreiro F, Au C, Leung KY, Vergara-Irigaray N, Cocheme HM,
Noori T, Weinkove D, Schuster E, Greene ND, Gems D. Metformin
retards aging in C. elegans by altering microbial folate and methionine
metabolism. Cell 2013;153(1):228–39.

15. Moskovitz J, Bar-Noy S, Williams WM, Requena J, Berlett BS,
Stadtman ER. Methionine sulfoxide reductase (MsrA) is a regulator
of antioxidant defense and lifespan in mammals. Proc Natl Acad Sci U
S A 2001;98(23):12920–5.

16. Su W, Zhang H, Ying Z, Li Y, Zhou L, Wang F, Zhang L, Wang T. Effects
of dietary L-methionine supplementation on intestinal integrity and
oxidative status in intrauterine growth-retarded weanling piglets. Eur
J Nutr 2018;57(8):2735–45.

17. Azad MAK, Bin P, Liu G, Fang J, Li T, Yin Y. Effects of different
methionine levels on offspring piglets during late gestation and
lactation. Food Funct 2018;9(11):5843–54.

18. Wen C, Jiang X, Ding L, Wang T, Zhou Y. Effects of dietary methionine
on breast muscle growth, myogenic gene expression and IGF-I
signaling in fast- and slow-growing broilers. Sci Rep 2017;7(1):1924.

19. Azeredo R, Machado M, Afonso A, Fierro-Castro C, Reyes-Lopez
FE, Tort L, Gesto M, Conde-Sieira M, Miguez JM, Soengas JL, et al.
Neuroendocrine and immune responses undertake different fates
following tryptophan or methionine dietary treatment: tales from a
teleost model. Front Immunol 2017;8:1226.

20. Robin S, Maupoil V, Laurant P, Jacqueson A, Berthelot A. Effect of
a methionine-supplemented diet on the blood pressure of Sprague-
Dawley and deoxycorticosterone acetate-salt hypertensive rats. Br J
Nutr 2004;91(6):857–65.

21. Yamada H, Akahoshi N, Kamata S, Hagiya Y, Hishiki T, Nagahata Y,
Matsuura T, Takano N, Mori M, Ishizaki Y, et al. Methionine excess
in diet induces acute lethal hepatitis in mice lacking cystathionine
gamma-lyase, an animal model of cystathioninuria. Free Radic Biol
Med 2012;52(9):1716–26.

22. Caro P, Gomez J, Sanchez I, Naudi A, Ayala V, Lopez-Torres M,
Pamplona R, Barja G. Forty percent methionine restriction decreases
mitochondrial oxygen radical production and leak at complex I
during forward electron flow and lowers oxidative damage to proteins
and mitochondrial DNA in rat kidney and brain mitochondria.
Rejuvenation Res 2009;12(6):421–34.

23. Ramalingam A, Wang X, Gabello M, Valenzano MC, Soler AP, Ko A,
Morin PJ, Mullin JM. Dietary methionine restriction improves colon
tight junction barrier function and alters claudin expression pattern.
Am J Physiol Cell Physiol 2010;299(5):C1028–35.

24. Wanders D, Burk DH, Cortez CC, Van NT, Stone KP, Baker M,
Mendoza T, Mynatt RL, Gettys TW. UCP1 is an essential mediator of

780 Bin et al.

http://www.letpub.com


the effects of methionine restriction on energy balance but not insulin
sensitivity. FASEB J 2015;29(6):2603–15.

25. Gao X, Sanderson SM, Dai Z, Reid MA, Cooper DE, Lu M, Richie
JP, Jr, Ciccarella A, Calcagnotto A, Mikhael PG, et al. Dietary
methionine influences therapy in mouse cancer models and alters
human metabolism. Nature 2019;572(7769):397–401.

26. Stone KP, Wanders D, Orgeron M, Cortez CC, Gettys TW.
Mechanisms of increased in vivo insulin sensitivity by dietary
methionine restriction in mice. Diabetes 2014;63(11):3721–33.

27. Plummer J, Park M, Perodin F, Horowitz MC, Hens JR. Methionine-
restricted diet increases miRNAs that can target RUNX2 expression
and alters bone structure in young mice. J Cell Biochem
2017;118(1):31–42.

28. Cooke D, Ouattara A, Ables GP. Dietary methionine restriction
modulates renal response and attenuates kidney injury in mice. FASEB
J 2018;32(2):693–702.

29. Biagi E, Franceschi C, Rampelli S, Severgnini M, Ostan R, Turroni S,
Consolandi C, Quercia S, Scurti M, Monti D, et al. Gut microbiota and
extreme longevity. Curr Biol 2016;26(11):1480–5.

30. Vaiserman AM, Koliada AK, Marotta F. Gut microbiota: a player
in aging and a target for anti-aging intervention. Ageing Res Rev
2017;35:36–45.

31. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S,
Harris HM, Coakley M, Lakshminarayanan B, O’Sullivan O, et al. Gut
microbiota composition correlates with diet and health in the elderly.
Nature 2012;488(7410):178–84.

32. Han B, Sivaramakrishnan P, Lin CJ, Neve IAA, He J, Tay LWR, Sowa
JN, Sizovs A, Du G, Wang J, et al. Microbial genetic composition tunes
host longevity. Cell 2017;169(7):1249–62 e13.

33. Iatsenko I, Boquete JP, Lemaitre B. Microbiota-derived lactate
activates production of reactive oxygen species by the intestinal
NADPH oxidase Nox and shortens Drosophila lifespan. Immunity
2018;49(5):929–42, e5.

34. Chang AY, Skirbekk VF, Tyrovolas S, Kassebaum NJ, Dieleman
JL. Measuring population ageing: an analysis of the Global
Burden of Disease Study 2017. Lancet Public Health 2019;4(3):
e159–e67.

35. Dong SH, Frane ND, Christensen QH, Greenberg EP, Nagarajan R,
Nair SK. Molecular basis for the substrate specificity of quorum signal
synthases. Proc Natl Acad Sci U S A 2017;114(34):9092–7.

36. Kaplanis J, Gordon A, Shor T, Weissbrod O, Geiger D, Wahl M,
Gershovits M, Markus B, Sheikh M, Gymrek M, et al. Quantitative
analysis of population-scale family trees with millions of relatives.
Science 2018;360(6385):171–5.

37. Fontana L, Partridge L. Promoting health and longevity through diet:
from model organisms to humans. Cell 2015;161(1):106–18.

38. Hyun DH, Emerson SS, Jo DG, Mattson MP, de Cabo R. Calorie
restriction up-regulates the plasma membrane redox system in brain
cells and suppresses oxidative stress during aging. Proc Natl Acad Sci
2006;103(52):19908–12.

39. Lopez-Lluch G, Hunt N, Jones B, Zhu M, Jamieson H, Hilmer S,
Cascajo MV, Allard J, Ingram DK, Navas P, et al. Calorie restriction
induces mitochondrial biogenesis and bioenergetic efficiency. Proc
Natl Acad Sci U S A 2006;103(6):1768–73.

40. Clancy D, Birdsall J. Flies, worms and the free radical theory of ageing.
Ageing Res Rev 2013;12(1):404–12.

41. Sohal RS. Role of oxidative stress and protein oxidation in the aging
process. Free Radic Biol Med 2002;33(1):37–44.

42. Yang Y, Wang Y, Sun J, Zhang J, Guo H, Shi Y, Cheng X, Tang X, Le G.
Dietary methionine restriction reduces hepatic steatosis and oxidative
stress in high-fat-fed mice by promoting H2S production. Food Funct
2019;10(1):61–77.

43. Campbell K, Vowinckel J, Keller MA, Ralser M. Methionine
metabolism alters oxidative stress resistance via the pentose phosphate
pathway. Antioxid Redox Signal 2016;24(10):543–7.

44. Nichenametla SN, Mattocks DAL, Malloy VL, Pinto JT. Sulfur
amino acid restriction-induced changes in redox-sensitive proteins

are associated with slow protein synthesis rates. Ann NY Acad Sci
2018;1418(1):80–94.

45. Wanders D, Stone KP, Forney LA, Cortez CC, Dille KN, Simon J,
Xu M, Hotard EC, Nikonorova IA, Pettit AP, et al. Role of GCN2-
independent signaling through a noncanonical PERK/NRF2 pathway
in the physiological responses to dietary methionine restriction.
Diabetes 2016;65(6):1499–510.

46. Cullinan SB, Zhang D, Hannink M, Arvisais E, Kaufman RJ, Diehl JA.
Nrf2 is a direct PERK substrate and effector of PERK-dependent cell
survival. Mol Cell Biol 2003;23(20):7198–209.

47. Kansanen E, Kuosmanen SM, Leinonen H, Levonen AL. The Keap1-
Nrf2 pathway: mechanisms of activation and dysregulation in cancer.
Redox Biol 2013;1:45–9.

48. Rodrigo R, Prieto JC, Castillo R. Cardioprotection against
ischaemia/reperfusion by vitamins C and E plus n-3 fatty acids:
molecular mechanisms and potential clinical applications. Clin Sci
(Lond) 2013;124(1):1–15.

49. Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element
signaling pathway and its activation by oxidative stress. J Biol Chem
2009;284(20):13291–5.

50. Malhotra JD, Kaufman RJ. Endoplasmic reticulum stress and oxidative
stress: a vicious cycle or a double-edged sword? Antioxid Redox Signal
2007;9(12):2277–93.

51. Gomez-Samano MA, Grajales-Gomez M, Zuarth-Vazquez JM,
Navarro-Flores MF, Martinez-Saavedra M, Juarez-Leon OA, Morales-
Garcia MG, Enriquez-Estrada VM, Gomez-Perez FJ, Cuevas-Ramos
D. Fibroblast growth factor 21 and its novel association with oxidative
stress. Redox Biol 2017;11:335–41.

52. Sanz A, Caro P, Ayala V, Portero-Otin M, Pamplona R, Barja
G. Methionine restriction decreases mitochondrial oxygen radical
generation and leak as well as oxidative damage to mitochondrial DNA
and proteins. FASEB J 2006;20(8):1064–73.

53. Caro P, Gomez J, Lopez-Torres M, Sanchez I, Naudi A, Jove M,
Pamplona R, Barja G. Forty percent and eighty percent methionine
restriction decrease mitochondrial ROS generation and oxidative
stress in rat liver. Biogerontology 2008;9(3):183–96.

54. Mailloux RJ, McBride SL, Harper ME. Unearthing the secrets of
mitochondrial ROS and glutathione in bioenergetics. Trends Biochem
Sci 2013;38(12):592–602.

55. Yee C, Yang W, Hekimi S. The intrinsic apoptosis pathway mediates
the pro-longevity response to mitochondrial ROS in C. elegans. Cell
2014;157(4):897–909.

56. Scialo F, Sriram A, Fernandez-Ayala D, Gubina N, Lohmus M, Nelson
G, Logan A, Cooper HM, Navas P, Enriquez JA, et al. Mitochondrial
ROS produced via reverse electron transport extend animal lifespan.
Cell Metab 2016;23(4):725–34.

57. Selman C, McLaren JS, Collins AR, Duthie GG, Speakman JR.
Deleterious consequences of antioxidant supplementation on lifespan
in a wild-derived mammal. Biol Lett 2013;9(4):20130432.

58. Ewald CY, Landis JN, Porter Abate J, Murphy CT, Blackwell
TK. Dauer-independent insulin/IGF-1-signalling implicates collagen
remodelling in longevity. Nature 2015;519(7541):97–101.

59. van Heemst D, Beekman M, Mooijaart SP, Heijmans BT, Brandt BW,
Zwaan BJ, Slagboom PE, Westendorp RG. Reduced insulin/IGF-1
signalling and human longevity. Aging Cell 2005;4(2):79–85.

60. Junnila RK, List EO, Berryman DE, Murrey JW, Kopchick JJ.
The GH/IGF-1 axis in ageing and longevity. Nat Rev Endocrinol
2013;9(6):366–76.

61. Podshivalova K, Kerr RA, Kenyon C. How a mutation that slows aging
can also disproportionately extend end-of-life decrepitude. Cell Rep
2017;19(3):441–50.

62. Fabrizio P, Liou LL, Moy VN, Diaspro A, Valentine JS, Gralla EB,
Longo VD. SOD2 functions downstream of Sch9 to extend longevity
in yeast. Genetics 2003;163(1):35–46.

63. Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, Even PC,
Cervera P, Le Bouc Y. IGF-1 receptor regulates lifespan and resistance
to oxidative stress in mice. Nature 2003;421(6919):182–7.

Methionine restriction–induced longevity 781



64. Templeman NM, Flibotte S, Chik JHL, Sinha S, Lim GE, Foster LJ,
Nislow C, Johnson JD. Reduced circulating insulin enhances insulin
sensitivity in old mice and extends lifespan. Cell Rep 2017;20(2):451–
63.

65. Ashpole NM, Logan S, Yabluchanskiy A, Mitschelen MC, Yan H, Farley
JA, Hodges EL, Ungvari Z, Csiszar A, Chen S, et al. IGF-1 has sexually
dimorphic, pleiotropic, and time-dependent effects on healthspan,
pathology, and lifespan. Geroscience 2017;39(2):129–45.

66. Miller RA, Buehner G, Chang Y, Harper JM, Sigler R, Smith-Wheelock
M. Methionine-deficient diet extends mouse lifespan, slows immune
and lens aging, alters glucose, T4, IGF-I and insulin levels, and
increases hepatocyte MIF levels and stress resistance. Aging Cell
2005;4(3):119–25.

67. Li M, Zhai L, Wei W, Dong J. Effect of methionine restriction on bone
density and NK cell activity. Biomed Res Int 2016;2016:3571810.

68. Malloy VL, Krajcik RA, Bailey SJ, Hristopoulos G, Plummer JD,
Orentreich N. Methionine restriction decreases visceral fat mass and
preserves insulin action in aging male Fischer 344 rats independent of
energy restriction. Aging Cell 2006;5(4):305–14.

69. Brown-Borg HM, Rakoczy SG, Wonderlich JA, Rojanathammanee L,
Kopchick JJ, Armstrong V, Raasakka D. Growth hormone signaling
is necessary for lifespan extension by dietary methionine. Aging Cell
2014;13(6):1019–27.

70. Brown-Borg HM, Rakoczy SG, Sharma S, Bartke A. Long-living
growth hormone receptor knockout mice: potential mechanisms of
altered stress resistance. Exp Gerontol 2009;44(1–2):10–9.

71. Finkelstein JD. Pathways and regulation of homocysteine metabolism
in mammals. Semin Thromb Hemost 2000;26(3):219–25.

72. Tamanna N, Mayengbam S, House JD, Treberg JR. Methionine
restriction leads to hyperhomocysteinemia and alters hepatic H2S
production capacity in Fischer-344 rats. Mech Ageing Dev 2018;176:9–
18.

73. Hine C, Harputlugil E, Zhang Y, Ruckenstuhl C, Lee BC, Brace
L, Longchamp A, Trevino-Villarreal JH, Mejia P, Ozaki CK, et al.
Endogenous hydrogen sulfide production is essential for dietary
restriction benefits. Cell 2015;160(1–2):132–44.

74. Lee JI, Dominy JE, Jr, Sikalidis AK, Hirschberger LL, Wang W,
Stipanuk MH. HepG2/C3A cells respond to cysteine deprivation by
induction of the amino acid deprivation/integrated stress response
pathway. Physiol Genomics 2008;33(2):218–29.

75. Beltowski J, Wojcicka G, Jamroz-Wisniewska A. Hydrogen sulfide in
the regulation of insulin secretion and insulin sensitivity: Implications
for the pathogenesis and treatment of diabetes mellitus. Biochem
Pharmacol 2018;149:60–76.

76. Hine C, Kim HJ, Zhu Y, Harputlugil E, Longchamp A, Matos MS,
Ramadoss P, Bauerle K, Brace L, Asara JM, et al. Hypothalamic-
pituitary axis regulates hydrogen sulfide production. Cell Metab
2017;25(6):1320–33 e5.

77. Choi KM, Kim S, Kim S, Lee HM, Kaya A, Chun BH, Lee YK, Park TS,
Lee CK, Eyun SI, et al. Sulfate assimilation regulates hydrogen sulfide
production independent of lifespan and reactive oxygen species under
methionine restriction condition in yeast. Aging 2019;11(12):4254–73.

78. Merry TL, Kuhlow D, Laube B, Pohlmann D, Pfeiffer AFH, Kahn CR,
Ristow M, Zarse K. Impairment of insulin signalling in peripheral
tissue fails to extend murine lifespan. Aging Cell 2017;16(4):761–72.

79. Zhang C, Li S, Yang L, Huang P, Li W, Wang S, Zhao G, Zhang M,
Pang X, Yan Z, et al. Structural modulation of gut microbiota in life-
long calorie-restricted mice. Nat Commun 2013;4:2163.

80. Yang Y, Zhang J, Wu G, Sun J, Wang Y, Guo H, Shi Y, Cheng X, Tang
X, Le G. Dietary methionine restriction regulated energy and protein
homeostasis by improving thyroid function in high fat diet mice. Food
Funct 2018;9(7):3718–31.

81. Bottiglieri T. S-Adenosyl-L-methionine (SAMe): from the bench to the
bedside—molecular basis of a pleiotrophic molecule. Am J Clin Nutr
2002;76(5):1151S–7S.

82. Mattocks DA, Mentch SJ, Shneyder J, Ables GP, Sun D, Richie JP,
Jr., Locasale JW, Nichenametla SN. Short term methionine restriction

increases hepatic global DNA methylation in adult but not young male
C57BL/6J mice. Exp Gerontol 2017;88:1–8.

83. Tang S, Fang Y, Huang G, Xu X, Padilla-Banks E, Fan W,
Xu Q, Sanderson SM, Foley JF, Dowdy S, et al. Methionine
metabolism is essential for SIRT1-regulated mouse embryonic stem
cell maintenance and embryonic development. EMBO J 2017;36(21):
3175–93.

84. Elshorbagy AK, Valdivia-Garcia M, Refsum H, Smith AD, Mattocks
DA, Perrone CE. Sulfur amino acids in methionine-restricted rats:
hyperhomocysteinemia. Nutrition 2010;26(11-12):1201–4.

85. Hanley MP, Kadaveru K, Perret C, Giardina C, Rosenberg
DW. Dietary methyl donor depletion suppresses intestinal
adenoma development. Cancer Prev Res 2016;9(10):
812–20.

86. Pereira CS, Thompson JA, Xavier KB. AI-2-mediated signalling in
bacteria. FEMS Microbiol Rev 2013;37(2):156–81.

87. Schuster M, Greenberg EP. A network of networks: quorum-sensing
gene regulation in Pseudomonas aeruginosa. Int J Med Microbiol
2006;296(2-3):73–81.

88. Defoirdt T, Bossier P, Sorgeloos P, Verstraete W. The impact of
mutations in the quorum sensing systems of Aeromonas hydrophila,
Vibrio anguillarum and Vibrio harveyi on their virulence towards
gnotobiotically cultured Artemia franciscana. Environ Microbiol
2005;7(8):1239–47.

89. Mok KC, Wingreen NS, Bassler BL. Vibrio harveyi quorum sensing:
a coincidence detector for two autoinducers controls gene expression.
EMBO J 2003;22(4):870–81.

90. Hughes DT, Terekhova DA, Liou L, Hovde CJ, Sahl JW, Patankar AV,
Gonzalez JE, Edrington TS, Rasko DA, Sperandio V. Chemical sensing
in mammalian host-bacterial commensal associations. Proc Natl Acad
Sci U S A 2010;107(21):9831–6.

91. Defoirdt T. Quorum-sensing systems as targets for antivirulence
therapy. Trends Microbiol 2018;26(4):313–28.

92. Grandclement C, Tannieres M, Morera S, Dessaux Y, Faure D. Quorum
quenching: role in nature and applied developments. FEMS Microbiol
Rev 2016;40(1):86–116.

93. Painter KL, Krishna A, Wigneshweraraj S, Edwards AM. What role
does the quorum-sensing accessory gene regulator system play during
Staphylococcus aureus bacteremia? Trends Microbiol 2014;22(12):
676–85.

94. Tal-Gan Y, Stacy DM, Foegen MK, Koenig DW, Blackwell HE. Highly
potent inhibitors of quorum sensing in Staphylococcus aureus revealed
through a systematic synthetic study of the group-III autoinducing
peptide. J Am Chem Soc 2013;135(21):7869–82.

95. Miller EL, Kjos M, Abrudan MI, Roberts IS, Veening JW, Rozen
DE. Eavesdropping and crosstalk between secreted quorum sensing
peptide signals that regulate bacteriocin production in Streptococcus
pneumoniae. ISME J 2018;12(10):2363–75.

96. Jimenez PN, Koch G, Thompson JA, Xavier KB, Cool RH, Quax WJ.
The multiple signaling systems regulating virulence in Pseudomonas
aeruginosa. Microbiol Mol Biol Rev 2012;76(1):46–65.

97. Papaioannou E, Utari PD, Quax WJ. Choosing an appropriate
infection model to study quorum sensing inhibition in Pseudomonas
infections. Int J Mol Sci 2013;14(9):19309–40.

98. El Sahili A, Li SZ, Lang J, Virus C, Planamente S, Ahmar M,
Guimaraes BG, Aumont-Nicaise M, Vigouroux A, Soulere L, et al. A
pyranose-2-phosphate motif is responsible for both antibiotic import
and quorum-sensing regulation in agrobacterium tumefaciens. PLoS
Pathog 2015;11(8):e1005071.

99. de Oca-Mejia MM, Castillo-Juarez I, Martinez-Vazquez M, Soto-
Hernandez M, Garcia-Contreras R. Influence of quorum sensing
in multiple phenotypes of the bacterial pathogen Chromobacterium
violaceum. Pathog Dis 2015;73(2):1–4.

100. Chung J, Goo E, Yu S, Choi O, Lee J, Kim J, Kim H, Igarashi
J, Suga H, Moon JS, et al. Small-molecule inhibitor binding to an
N-acyl-homoserine lactone synthase. Proc Natl Acad Sci U S A
2011;108(29):12089–94.

782 Bin et al.



101. Yang Q, Defoirdt T. Quorum sensing positively regulates
flagellar motility in pathogenic Vibrio harveyi. Environ Microbiol
2015;17(4):960–8.

102. Anetzberger C, Pirch T, Jung K. Heterogeneity in quorum sensing-
regulated bioluminescence of Vibrio harveyi. Mol Microbiol
2009;73(2):267–77.

103. Atkinson S, Goldstone RJ, Joshua GW, Chang CY, Patrick HL,
Camara M, Wren BW, Williams P. Biofilm development on
Caenorhabditis elegans by Yersinia is facilitated by quorum sensing-
dependent repression of type III secretion. PLoS Pathog 2011;7(1):
e1001250.

104. Joshua GW, Atkinson S, Goldstone RJ, Patrick HL, Stabler RA,
Purves J, Camara M, Williams P, Wren BW. Genome-wide evaluation
of the interplay between Caenorhabditis elegans and Yersinia
pseudotuberculosis during in vivo biofilm formation. Infect Immun
2015;83(1):17–27.

105. Gart EV, Suchodolski JS, Welsh TH, Jr, Alaniz RC, Randel RD, Lawhon
SD. Salmonella typhimurium and multidirectional communication in
the gut. Front Microbiol 2016;7:1827.

106. Yadav MK, Park SW, Chae SW, Song JJ. Sinefungin, a natural
nucleoside analogue of S-adenosylmethionine, inhibits Streptococcus
pneumoniae biofilm growth. Biomed Res Int 2014;2014:156987.

107. Hu X, Wang Y, Gao L, Jiang W, Lin W, Niu C, Yuan K,
Ma R, Huang Z. The impairment of methyl metabolism from

luxS mutation of Streptococcus mutans. Front Microbiol 2018;9:
404.

108. Parsek MR, Val DL, Hanzelka BL, Cronan JE, Jr, Greenberg EP.
Acyl homoserine-lactone quorum-sensing signal generation. Proc
Natl Acad Sci U S A 1999;96(8):4360–5.

109. Ren W, Yin J, Xiao H, Chen S, Liu G, Tan B, Li N, Peng Y, Li T, Zeng
B, et al. Intestinal microbiota-derived GABA mediates interleukin-
17 expression during enterotoxigenic Escherichia coli infection. Front
Immunol 2016;7:685.

110. Bin P, Tang Z, Liu S, Chen S, Xia Y, Liu J, Wu H, Zhu
G. Intestinal microbiota mediates enterotoxigenic Escherichia coli-
induced diarrhea in piglets. BMC Vet Res 2018;14(1):385.

111. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC,
Verschoor CP, Loukov D, Schenck LP, Jury J, Foley KP, et al.
Age-associated microbial dysbiosis promotes intestinal permeability,
systemic inflammation, and macrophage dysfunction. Cell Host
Microbe 2017;21(4):455–66 e4.

112. Eunhye G, Majerczyk CD, Jae Hyung A, Chandler JR, Young-Su S,
Hyeonheui H, Jae Yun L, Hongsup K, Bongsoo L, Moon Sun J. Bacterial
quorum sensing, cooperativity, and anticipation of stationary-phase
stress. Proc Natl Acad Sci U S A 2012;109(48):19775–80.

113. Thompson JA, Oliveira RA, Djukovic A, Ubeda C, Xavier KB.
Manipulation of the quorum sensing signal AI-2 affects the antibiotic-
treated gut microbiota. Cell Rep 2015;10(11):1861–71.

Methionine restriction–induced longevity 783


	Perspective: Methionine Restriction–InducedLongevity—A Possible Role for Inhibiting theSynthesis of Bacterial Quorum Sensing Molecules
	Introduction
	Widely Accepted Mechanisms of MR-Induced Lifespan Extension
	MR Postpones Senility by Reducing Oxidative Stress
	MR Extends Lifespan by Regulating Insulin/IGF-I Cell Signaling

	Perspective: MR May Prolong Lifespan by Modulating Intestinal Bacterial QS
	Conclusions
	Acknowledgments
	References


