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1  | INTRODUCTION

Autophagy involves the lysosomal degradation of intracellular mac-
romolecular components. It was first studied as a cellular response 
to starvation. However, autophagy is now a key regulator of cell 
metabolism, growth control, the balance between cell survival and 
cell death, and ageing.1 It is not surprising that autophagy plays a 
significant role in cellular homeostasis, thus affecting human health 
and disease.2 Autophagy is also involved in cell death and tumour 

suppression,3 neurodegeneration,4 ageing,5 inflammation,6 immu-
nity7 and genome stability.8 In addition to starvation, autophagy is 
induced by many other disturbances, including hypoxia, metabolic 
disturbances, infiltration and oxidative stresses.9-12 Autophagy is reg-
ulated by nutrient- and energy-sensing pathways, including the well-
known energy regulators mammalian target of rapamycin (mTOR), 
AMPK	 (adenosine	 5′-monophosphate	 [AMP]–activated	 protein	
kinase) and AKT/protein kinase B.13 However, recent studies have 
shown that in addition to phosphorylation, other post-translational 
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Abstract
Autophagy is a mechanism that enables cells to maintain cellular homeostasis by re-
moving damaged materials and mobilizing energy reserves in conditions of starvation. 
Although nutrient availability strongly impacts the process of autophagy, the spe-
cific metabolites that regulate autophagic responses have not yet been determined. 
Recent	results	indicate	that	S-adenosylmethionine	(SAM)	represents	a	critical	inhibi-
tor	of	methionine	starvation–induced	autophagy.	SAM	is	primarily	 involved	in	four	
key metabolic pathways: transmethylation, transsulphuration, polyamine synthesis 
and	5′-deoxyadenosyl	5′-radical–mediated	biochemical	transformations.	SAM	is	the	
sole methyl group donor involved in the methylation of DNA, RNA and histones, 
modulating the autophagic process by mediating epigenetic effects. Moreover, the 
metabolites	of	SAM,	such	as	homocysteine,	glutathione,	decarboxylated	SAM	and	
spermidine, also exert important influences on the regulation of autophagy. From our 
perspective,	nuclear-cytosolic	SAM	is	a	conserved	metabolic	inhibitor	that	connects	
cellular	metabolic	status	and	the	regulation	of	autophagy.	In	the	future,	SAM	might	
be a new target of autophagy regulators and be widely used in the treatment of vari-
ous diseases.
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modifications, including acetylation14 and methylation,15 of proteins 
may also impact autophagy by targeting these pathways, at least in 
part. These modifications are different from kinase-mediated mod-
ulation. The methylation status of multiple regulatory factors and 
core components of the autophagy mechanism undergo changes, 
and	the	methylation	of	promoter	CpG	islands	on	DNA	molecules	or	
histone lysine residues is related to different aspects of autophagy.16

S-adenosylmethionine	 (SAM)	 is	 a	 significant	 biological	 sulpho-
nium compound that participates in a variety of biochemical pro-
cesses.	SAM	is	biosynthesized	through	the	reaction	of	methionine	
with	ATP	that	is	catalysed	by	SAM	synthetase	or	methionine	adeno-
syltransferase (MAT). The reaction mainly occurs in cytosolic pools 
via the one-carbon metabolism pathway that encompasses both the 
folate and methionine cycles.17	Several	amino	acids,	namely	serine,	
glycine and threonine, can initiate the folate cycle to facilitate the 
generation	of	SAM	in	the	methionine	cycle.	SAM	is	considered	to	be	
the main methyl donor reagent for significant methylation reactions 
that occur in all living organisms, which are essential in cell differen-
tiation and survival by regulating key metabolic pathways, including 
methylation and polyamine synthesis. Recent studies have shown 
that transcriptional regulation and epigenetic regulation are critical 
for the autophagic process.18 Mutations in core enzymes associated 
with	one-carbon	metabolism	and	SAM	are	observed	in	cancer	and	
are accompanied by aberrant methylation states.19	 SAM	 is	 an	 im-
portant metabolite and can act as a nutrition, energy and stress sen-
sor	in	vivo	and	in	vitro,	thus	regulating	autophagy.	Moreover,	SAM	
is involved in transmethylation, transsulphuration and polyamine 
synthesis and participates in the regulation of autophagy through 
different mechanisms. Thus, given that the autophagy response is 
influenced by the metabolic state of a cell, we concluded that the 
SAM	 level	 is	 a	key	 regulator	of	 autophagy	and	 that	 regulating	 the	
SAM	level	can	be	a	new	therapeutic	strategy	for	disease	treatment.

2  | SAM METABOLISM

2.1 | Biosynthesis of SAM

S-adenosylmethionine	can	be	synthesized	in	the	cytoplasm	of	every	
cell, especially hepatocytes.20	 In	 liver,	SAM	synthesis	 is	mainly	de-
rived from methionine, which accounts for half of the daily intake 
of amino acids.21,22	Methionine	 is	 converted	 into	SAM	by	MAT	 in	
an ATP-dependent process (Figure 1).21 During this process, me-
thionine is transformed to carry a sulphonium ion as a high-energy 
reagent by combining with the adenosyl moiety of ATP; then, the 
activator transfers its methyl group to various substrates, includ-
ing proteins, DNA, RNA and lipids.23 Methylation is an important 
protein post-translational modification that not only regulates tar-
get gene transcription and expression but also controls the activ-
ity of various signalling pathways, including autophagy initiation 
pathways.15,24	 S-adenosylhomocysteine	 (SAH)	 is	 the	 by-product	
of the methyltransferase reaction and is transformed into ho-
mocysteine. Then, homocysteine is a precursor involved in the 

synthesis of cysteine and glutathione by the transsulphuration path-
way. 5,10-Methylenetetrahydrofolate (5,10-methylene-THF), which 
is derived from the folate cycle, can be irreversibly converted into 
5-methyl-THF (5-MTHF) by methylenetetrahydrofolate reductase 
(MTHFR), which donates its methyl group to homocysteine in the 
methionine	synthase	(MS)	reaction	to	produce	methionine	and	THF,	
requiring	vitamin	B12	as	a	cofactor.25	Sustaining	the	SAM	cycle	is	de-
pendent on intermediary metabolism and can be negatively affected 
by a diet lacking several essential nutrients, for example methionine, 
folate, vitamin B12 and vitamin B6. Impaired dietary supply, absorp-
tion, distribution, metabolism or enzymatic processing of these nu-
trients	negatively	impacts	the	cellular	level	of	SAM.26-29 Methionine 
restriction,	for	instance,	results	in	a	decrease	in	SAM	level	and	ex-
tends the lifespan of different species by modulating autophagy.30

2.2 | Degradation of SAM

S-adenosylmethionine	 acts	 as	 a	 link	 between	 four	 key	 metabolic	
pathways, transmethylation, transsulphuration, polyamine synthe-
sis	 and	 5′-deoxyadenosine	 5′-radical–mediated	 biochemical	 trans-
formation (Figure 1), influencing the regulation of autophagy. In the 
following	sections,	the	role	of	SAM	in	each	of	these	four	metabolic	
pathways will be described.

2.2.1 | Transmethylation

The	most	prominent	metabolic	function	of	SAM	is	its	role	as	a	methyl	
group donor in a variety of reactions catalysed by enzymes from the 
methyltransferase family.31 Indeed, more than 90% of the formed 
SAM	 molecules	 are	 consumed	 to	 sustain	 methylation	 reactions.	
In	 humans,	most	 SAM	 is	 generated	 in	 liver,	where	more	 than	half	
of the methionine from daily intake is metabolized and more than 
85%	 of	 all	 methylation	 reactions	 occur.	 In	 transmethylation,	 SAM	
donates its methyl group to a large variety of receptor molecules. 
The reactions are catalysed by methyltransferases. In the human 
genome,	more	 than	200	SAM-dependent	methyltransferases	have	
been identified.32 Moreover, accumulating evidence has shown that 
several methyltransferases and demethylases are involved in regu-
lating autophagy, such as H3K27 trimethylation by enhancer of zeste 
homolog	2	(EZH2).33	H3K9	dimethylation	by	G9a34 and non-histone 
protein methylation are also associated with autophagy regulation.15 
After	delivery	of	the	methyl	group	to	the	recipient	compound,	SAM	
is	converted	to	SAH.	In	addition,	it	was	confirmed	that	elevated	lev-
els	of	SAH	and	decreased	levels	of	SAM	inhibit	transmethylation.20,21 
The	ratio	of	SAM	to	SAH	is	generally	considered	to	be	a	metabolic	
indicator that controls methylation in vivo, and a decrease in this 
ratio	indicates	a	reduction	in	methylation	ability.	SAH	is	further	con-
verted	 to	 homocysteine	 (HCY),	which	 is	 catalysed	 by	 SAH	hydro-
lase (AHCY).21 It has been proven that HCY modulates autophagy 
in different cell types. However, the regulatory effect of HCY on au-
tophagy has opposite effects (upregulation and downregulation) in 
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different cell types and biological contexts.35 Then, HCY enters two 
metabolic pathways, remethylation to regenerate methionine or the 
transsulphuration pathway to generate cysteine and α-ketobutyrate. 
Two enzymes are needed for the remethylation of HCY to form me-
thionine,	MS,	which	 requires	 folate	 and	 vitamin	 B12,	 and	 betaine	
Hcy	methyltransferase	(BHMT),	which	requires	betaine	as	a	cofac-
tor, which is a metabolite of choline.

2.2.2 | Transsulphuration

The transsulphuration pathway is another crucial catabolism 
process	that	links	SAM	to	cysteine	biosynthesis.	Cysteine	is	gen-
erated from HCY via the transsulphuration reaction, and this 
process principally occurs in liver and lens.36 First, HCY is trans-
formed into cystathionine by condensation with homoserine, and 

it is then converted to cysteine and α-ketobutyrate. The above re-
actions are catalysed by cystathionine β-synthase	(CBS)	and	cys-
tathionase	 (CSE),	 respectively,	 and	both	 require	vitamin	B6	as	a	
cofactor. Cysteine is converted to various sulphur-containing mol-
ecules,	 including	 glutathione	 (GSH),	 taurine,	 sulphate	 (SO4) and 
hydrogen sulphide (H2S),	whereas	α-ketobutyrate is converted to 
succinyl-CoA, and this reaction mainly occurs in the mitochon-
dria.	SAM	is	a	significant	precursor	of	GSH,	and	the	transsulphura-
tion pathway is especially active in liver.37	GSH	protects	against	
oxidative	damage	in	many	tissues,	and	GSH	depletion	may	induce	
autophagy.38	GSH	redox	homeostasis	may	be	central	to	the	prote-
ostasis maintenance realized through autophagic regulation.39 In 
liver,	SAM	inhibits	the	activity	of	MTHFR	and	activates	CBS.40,41 
Therefore,	an	increase	in	SAM	reduces	5-MTHF,	the	substrate	for	
MS.	Thus,	the	SAM	level	is	the	main	control	of	the	flux	of	sulphur-
containing	molecules;	when	SAM	is	decreased,	Hcy	is	directed	to	

F IGURE  1 S-adenosylmethionine	(SAM)	biosynthesis	and	metabolism.	Methionine	(Met)	is	converted	into	SAM	by	MAT	in	an	
ATP-dependent	process.	SAM	is	linked	to	four	key	metabolic	pathways:	transmethylation,	transsulphuration,	polyamine	synthesis	
and	5′-deoxyadenosyl	5′-radical–mediated	biochemical	transformations.	In	transmethylation,	SAM	donates	its	methyl	group	to	many	
substrates, including DNA, RNA and proteins, which are catalysed by specific methyltransferases (MTs). After transmethylation reactions, 
SAM	is	converted	to	S-adenosylhomocysteine	(SAH),	which	is	hydrolysed	by	a	reversible	enzyme	called	SAH	hydrolase	(AHCY)	to	
form homocysteine (Hcy) and adenosine. Hcy has two fates: to be remethylated to regenerate Met or to enter the transsulphuration 
pathway. In transsulphuration, Hcy is first converted to cystathionine and then to cysteine (Cys) and α-ketobutyrate, catalysed by the 
enzyme cystathionine β-synthase	(CBS).	Then,	Cys	is	converted	to	various	sulphur-containing	molecules,	including	glutathione	(GSH),	
taurine, hydrogen sulphide (H2S)	and	sulphate	(SO4),	which	is	catalysed	by	the	enzyme	cystathionase	(CSE).	Both	CBS	and	CSE	require	
vitamin B6 as a cofactor. α-Ketobutyrate is converted to succinyl-CoA, which is metabolized in the mitochondria. Hcy is remethylated to 
regenerate	Met	via	two	routes:	the	MS	pathway	and	the	betaine	homocysteine	S-methyltransferase	(BHMT)	pathway.	In	the	MS	pathway,	
5-methyltetrahydrofolate	(MTHF)	donates	a	methyl	group	to	Hcy,	which	requires	folate	and	vitamin	B12.	In	the	BHMT	route,	Hcy	uses	
betaine	as	a	methyl	donor.	In	polyamine	synthesis,	SAM	is	first	decarboxylated	to	form	decarboxylated	SAM	(dcSAM).	Then,	putrescine	
uses	dcSAM	as	a	propylamine	donor,	which	is	transformed	to	spermidine	(SPD)	and	spermine	(SPM),	yielding	5′-methylthioadenosine	
(MTA)	as	a	by-product.	MTA	is	used	to	regenerate	methionine	through	the	methionine	salvation	pathway.	In	5′-deoxyadenosyl	5′-radical–
mediated	biochemical	transformations,	SAM	initiates	various	radical	chemical	reactions,	which	are	catalysed	by	a	large	family	of	SAM	radical	
enzymes. These enzymes share a CX3CX2C	motif	forming	a	characteristic	[4Fe-4S]	cluster.	SAM	is	converted	to	[4Fe-4S]-methionine	and	a	
5′-deoxyadenosyl	5′-radical	through	binding	to	the	[4Fe-4S]	cluster
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regenerate	 SAM	 through	 the	 remethylation	 pathway,	 and	when	
the	SAM	level	is	increased,	Hcy	is	directed	to	the	transsulphura-
tion pathway.

2.2.3 | Polyamine synthesis

S-adenosylmethionine	also	participates	 in	 the	synthesis	of	poly-
amines.	 Spermidine	 (SPD)	 and	 spermine	 (SPM)	 are	 the	 primary	
polyamines	in	mammalian	cells.	SPD	and	SPM	have	crucial	effects	
on senescence, immunity and cancer.42-44 There is accumulating 
evidence	 showing	 that	 polyamines,	 including	 putrescine,	 SPD	
and	SPM,	are	novel	autophagy	and	longevity	inducers.42,45 In this 
pathway,	 SAM	 is	 decarboxylated	 and	 generates	 decarboxylated	
SAM	(dcSAM),	which	is	catalysed	by	the	enzyme	SAM	decarboxy-
lase;	 subsequently,	 the	 first	 aminopropyl	 group	 from	 dcSAM	 is	
added	to	putrescine	to	generate	SPD,	which	is	catalysed	by	SPD	
synthase,	 SPD	 is	 converted	 to	 SPM	via	 the	 addition	 of	 the	 sec-
ond	aminopropyl	group,	which	is	catalysed	by	SPM	synthase,	and	
both	 the	 reactions	 yield	 5′-methylthioadenosine	 (MTA)	 as	 a	 by-
product.46,47 Then, MTA is used to regenerate methionine through 
a methionine salvation pathway.48 In this pathway, MTA is first 
phosphorylated by MTA phosphorylase (MTAP), and then MTA is 
converted to adenine and 5-methylthioribose-1-phosphate, which 
is	 further	metabolized	 to	methionine.	When	MTAP	 is	 deficient,	
endogenous MTA is unable to rescue methionine or adenine. This 
deficiency results in impaired polyamine biosynthesis and accu-
mulation	 of	 dcSAM	 and	MTA,	 and	 both	 inhibit	 the	methylation	
reactions.49-51

2.2.4 | 5’-Deoxyadenosyl 5’-radical–mediated 
biochemical transformations

Under	anaerobic	conditions,	SAM	also	induces	novel	radical	chemi-
cal reactions.52	This	SAM	radical	enzyme	family	shares	a	CX3CX2C	
motif	 to	 form	a	characteristic	 [4Fe-4S]	cluster.	SAM	binds	to	the	
Fe	 in	 the	 [4Fe-4S]	 cluster	 to	produce	 [4Fe-4S]-methionine	and	a	
5′-deoxyadenosyl	5′-radical.	The	5′-deoxyadenosyl	5′-radical	then	
removes a hydrogen atom from proteins, DNA or RNA to initiate 
the radical mechanism.31	 There	 are	 some	 SAM	 radical	 enzymes	
recognized	 in	 humans:	 MOCS1,	 which	 is	 involved	 in	 molybde-
num	 cofactor	 biosynthesis;	 LIAS,	which	 is	 involved	 in	 lipoic	 acid	
biosynthesis; CDK5RAP1, which is involved in 2-methylthio-N(6)-
isopentenyladenosine biosynthesis; CDKAL1, which is involved 
in methylthio-N(6)-threonylcarbamoyl-adenosine biosynthesis; 
TYW1,	which	is	involved	in	wybutosine	biosynthesis;	ELP3,	which	
is	associated	with	5-methoxycarbonylmethyl	uridine;	and	RSAD1	
and viperin.52	 Viperin	 (also	 known	 as	 radical	 SAM	 domain-con-
taining 2) is induced in various cells, including fibroblasts, hepato-
cytes and immune cells such as T cells and dendritic cells, playing 
an antiviral role and regulating cell signalling pathways or cellular 
metabolism.53-57

3  | SAM AND AUTOPHAGY

Autophagy involves the lysosomal degradation pathway, which 
removes damaged and potentially harmful substances and replen-
ishes energy reserves under starvation conditions to maintain cel-
lular homeostasis. Although the regulation of autophagy is strongly 
dependent on the availability of nutrients, there are few descrip-
tions of the specific metabolites that regulate autophagy. Recently, 
SAMTOR	was	found	to	link	methionine	and	one-carbon	metabolism	
to	mTORC1	signalling,	thereby	acting	as	a	SAM	sensor.58	SAMTOR	
inhibits	 mTORC1	 signalling	 by	 interacting	 with	 GATOR1,	 the	
GTPase-activating	protein	of	RagA/B.	SAM	disrupts	the	SAMTOR-
GATOR1	complex	by	binding	directly	to	SAMTOR.	The	decrease	in	
intracellular	SAM	levels	caused	by	methionine	starvation	promotes	
the	binding	of	SAMTOR-GATOR1,	 thereby	 inhibiting	mTORC1	sig-
nalling and further inducing the autophagy response. This study 
shows	 that	 SAM	 regulates	 autophagy	 in	 the	 absence	 of	 a	 meth-
ylation event. Furthermore, a plethora of papers has revealed that 
SAM	acts	as	a	conserved	metabolic	switch,	linking	the	cellular	meta-
bolic state to the modulation of autophagy via regulating molecule 
methylation59-61 and sulphuration62-64 and polyamine synthesis65,66 
(Figure 2).

4  | SAM, as a methyl  donor,  epigenet ica l ly 
regulates autophag y

Methylation is a burgeoning post-transcriptional and epigenetic 
modification research topic within autophagy research. It has been 
documented that protein methylation, including histone methylation 
and non-histone methylation, is one of the post-transcriptional and 
epigenetic modifications that regulates autophagy.15 DNA methyla-
tion	 transfers	 the	methyl	group	 from	SAM	to	 the	 fifth	position	of	
cytosine (5-methylcytosine, 5-mC) on the DNA strands, catalysed by 
DNA methyltransferases.67 DNA hypermethylation by DNA meth-
yltransferase 1 (DNMT1) has been implicated as one of the cellular 
autophagy inducers during tumorigenesis.68 N6-methyladenosine 
(m6A) RNA methylation, the most abundant modification found in 
messenger RNA (mRNA) in eukaryotic cells, is also reported to play 
roles in autophagy regulation.69	SAM	is	an	essential	metabolite	that	
acts as a high-energy methyl donor for most methylation modifica-
tions of proteins, DNA and RNA, which epigenetically affect au-
tophagic flux.

4.1 | Non-histone methylation

Previous	studies	have	shown	that	SAM	production	inhibits	non-ni-
trogen	starvation	(NNS)–induced	autophagy	through	the	activation	
of the methyltransferase PPM1P, which modifies the catalytic subu-
nit of protein phosphatase 2A (PP2A).70 Furthermore, methylated 
PP2A promotes the dephosphorylation of nitrogen permease regu-
lating protein 2P (NPR2P), a component of a conserved complex that 
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regulates	NNS	autophagy71 and in the negative regulation of TORC1 
signalling,72,73 which leads to growth-promoting and autophagy-
inhibiting	functions.	Collectively,	SAM	can	regulate	autophagy	and	
TORC1 signalling by modulating the methylation status of PP2A.70 
Moreover,	 in	hepatocytes,	SAM	may	methylate	and	activate	PP2A	
and	then	block	hepatocyte	growth	factor	(HGF)–induced	activation	
of LKB1/AMPK signalling.61 AMPK is a conversant activator of the 
autophagic	response.	Therefore,	SAM	may	inhibit	AMPK-activated	
autophagy via the activation of PP2A. Taken together, cellular me-
thionine	and	SAM	levels	modulate	the	methylation	status	of	PP2A	
and then regulate autophagy through TORC1 or AMPK signalling 
pathways.

4.2 | Histone methylation

S-adenosylmethionine	can	regulate	the	histone	methylation	state	as	
a	metabolic	coenzyme,	which	is	linked	to	autophagy	control.	G9A	is	

a methyltransferase catalysing monomethylation and dimethylation 
of H3K9 (H3K9me1 and H3K9me2) in chromatin.74,75	 SAM	 is	 also	
necessary	for	the	stable	interaction	of	G9a	with	H3K9M	histones.59 
Recent	 studies	have	demonstrated	 that	G9A	 inhibition	or	 silencing	
represses serine-glycine biosynthesis by reducing H3K9me1 levels, 
which inhibits mTORC1 kinase activity and induces cell death in as-
sociation with autophagy.76,77	 Under	 nutrient-deficient	 conditions,	
G9A	dissociates	from	the	promoters	 in	autophagosome	genes	such	
as	LC3B,	WIPI1	and	DOR,	with	a	subsequent	H3K9me2	reduction	at	
these	sites,	 consequently	 resulting	 in	 transcriptional	activation	and	
autophagy stimulation.34 The conversion of serine to glycine leads 
to	the	formation	of	5,10-MTHF,	a	major	contributor	to	SAM	biosyn-
thesis.	Serine	supplementation,	but	not	glycine	supplementation,	can	
rescue	the	cell	death	phenotype	inducted	by	G9A	inhibition	or	silenc-
ing.76	This	finding	indicates	that	G9A	inhibition	or	silencing	represses	
the conversion of serine to glycine, which decreases the synthesis of 
5,10-MTHF	and	SAM.	Therefore,	a	low	level	of	SAM	is	sufficient	to	
stimulate	autophagy	via	G9A-mediated	epigenetic	regulation.

F IGURE  2 Working	model	for	SAM-mediated	modulation	of	autophagy.	SAM	is	an	essential	metabolite	that	acts	as	a	high-energy	
methyl donor for most methylation modifications of non-histone, histone, DNA and RNA, which epigenetically affect autophagic flux. 
Moreover,	SAM	is	the	biosynthetic	precursor	for	HCY	and	cysteine	and	other	sulphur-containing	metabolites	such	as	GSH.	All	of	these	roles	
significantly	contribute	to	the	modulation	of	autophagy.	In	addition,	the	SAM	metabolite	SPD	has	also	been	shown	to	be	a	physiological	
inducer	of	autophagy.	Collectively,	the	metabolites	of	SAM	and	the	key	enzymes	in	SAM	biosynthesis	and	metabolism	influence	the	core	
autophagy	machinery.	S-adenosylmethionine:	SAM,	homocysteine:	HCY,	glutathione:	GSH,	spermidine:	SPD,	AMP-dependent	protein	
kinase: AMPK, mechanistic target of rapamycin: mTOR, migration inhibitory factor: MIF, cystic fibrosis transmembrane conductance 
regulator: CFTR, mTOR complex 1: mTORC1, protein phosphatase 2A: PP2A, nitrogen permease regulating protein: NPR2P, ten-eleven 
translocation methylcytosine dioxygenases: TET, N6-methyladenosine: RNA methylation, m6A RNA methylation
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4.3 | DNA methylation

Among epigenetic modifications, DNA methylation is perhaps the 
best studied and the most common.78 DNA methylation of cytosine 
and	adenine	residues	is	carried	out	by	SAM-dependent	methyltrans-
ferases.67 Recently, a study has shown that methionine deprivation 
results	in	a	rapid	decrease	in	intracellular	SAM,	inducing	H3K4me3	
and DNA demethylation and triggering p53 signalling in human em-
bryonic stem cells.60 p53 is a critical component of stress signal-
ling and adaptation, which can regulate autophagy.79 Furthermore, 
ten-eleven translocation (TET) methylcytosine dioxygenases are 
enzymes involved in active and passive demethylation and gene ac-
tivation. A recent study has shown that a decrease in TET methylcy-
tosine dioxygenase 2 (TET2) promotes methylation of the Beclin 1 
promoter and induces endothelial cell autophagy during the patho-
genesis of atherosclerosis.80 TET3 also likely participates in the reg-
ulation	of	autophagy.	TET3	is	indirectly	blocked	by	Sirtuin-1	(SIRT1)	
upon	the	accelerated	dimethylation	of	H3K9	and	subsequent	DNA	
demethylation and replication suppression, which plays an impor-
tant role in regulating autophagy.81 These observations indicate that 
the	SAM	level	can	regulate	the	autophagic	response	via	modulation	
of the DNA methylation state.

4.4 | RNA methylation

RNA m6A modification consists of the methyltransferase complex, 
demethylases and RNA-binding proteins, which adds another critical 
layer of epigenetic regulation to various cellular processes.82 A meth-
yltransferase 'writer' complex contains METTL3 (Methyltransferase 
Like	 3),	 METTL14	 (Methyltransferase	 Like	 14),	 and	WTAP	 (WT1-
associated	 protein),	 for	 which	 SAM	 is	 a	 substrate,	 binding	 at	me-
thyl residues of the N6 atom of adenosine mRNA bases.83 ALKBH5 
(alkB homolog 5) and FTO (fat mass and obesity-associated protein) 
(erasers) reverse m6A modifications acting as RNA demethylases.84 
YT521-B homology (YTH) domains, including YTHDF1, YTHDF2, 
YTHDF3, YTHDC1 and YTHDC2 (readers), have a conserved m6A-
binding domain and preferentially recognize m6A in a methylation-
dependent manner.82 Recently, the role of m6A modification in 
autophagy was reported. Lin et al85 reported that METTL3 deple-
tion–mediated	m6A level suppression promotes sorafenib resistance 
in liver cancer by activating the FOXO3-mediated autophagy signal-
ling	 pathway.	 Song	 et al86 also found that silencing METTL3 aug-
ments autophagic flux in ischaemic heart disease and that this action 
is dependent on TFEB, a master regulator of lysosomal biogenesis 
and autophagy genes. In addition, inhibiting the RNA demethylase 
ALKBH5	has	 the	opposite	 effect.	 Furthermore,	 Jin	et al87 demon-
strated that FTO reverses the m6A	modification	of	ULK1	transcripts,	
thus inhibiting mRNA degradation and upregulating the abundance 
of	 autophagy-related	protein	ULK1	 (unc-51	 like	 kinase	1),	 enhanc-
ing	 autophagy	 in	HeLa	 cells.	Wang	et al88 also reported that FTO 
positively modulates autophagy activation in adipocytes by target-
ing	ATG5	and	ATG7	 in	 an	m6A-dependent and YTHDF2-mediated 

manner. Moreover, m6A modifications of RNA during the regulation 
of autophagy are also found in the leucocytes of chronic kidney 
disease patients, bone-derived mesenchymal stem cells and Leydig 
cells.69,89,90 Taken together, these findings reveal the functional im-
portance of the m6A	methylation	machinery	in	autophagy.	SAM,	as	a	
methyl donor, may be a regulator of autophagy through its targeting 
of the RNA m6A modification.

5  | SAM, as the mediator of  sulphur-
containing molecules ,  modulates autophagy
S-adenosylmethionine	 is	 more	 than	 just	 a	 methyl	 donor.	 It	 is	 the	
biosynthetic precursor for HCY and cysteine and other sulphur-
containing	metabolites	such	as	GSH.	All	of	these	roles	significantly	
contribute to the modulation of autophagy.35,63,91 HCY is a key 
determinant	of	 the	SAM	metabolism	cycle.	The	 imbalance	 in	HCY	
metabolism can modulate autophagy, which is involved in the patho-
genesis of diseases such as cardiovascular diseases and neurologi-
cal and psychiatric disorders.92	Moreover,	 the	 availability	 of	 SAM	
is a limiting factor of the synthesis of the endogenous antioxidant 
GSH.93	GSH	 and	 cysteine	 are	 critical	 for	 attenuating	much	 of	 the	
oxidative damage generated.91 Cellular oxidative stress is one of the 
key factors in autophagic response modulation.63	Collectively,	SAM	
modulates autophagy as a mediator of sulphur-containing molecule 
levels.

HCY, a sulphhydryl-containing amino acid, is an intermediate me-
tabolite	 in	methionine	metabolism	and	 is	derived	 from	SAM.	SAM	
supplementation decreased HCY levels in diet-induced hyperhomo-
cysteinaemia in mouse plasma and brain.94 Moreover, higher plasma 
homocysteine levels (>12 μmol/L) are found in depressed patients, 
resulting	 in	 a	 significant	 decrease	 in	 cerebrospinal	 fluid	 SAM	 lev-
els.95,96 HCY inhibits the expression of cystic fibrosis transmem-
brane conductance regulator (CFTR) by two mechanisms, resulting 
in autophagy induction of hepatic cells both in vivo and in vitro.62 
HCY enhances the DNA methylation of the CFTR promoter and pro-
motes	EZH2	expression,	which	 is	critical	 for	 the	H3K27me3	mod-
ification on the CFTR promoter. CFTR is a cAMP-activated anion 
channel expressed in the apical membrane of epithelial cells that 
contributes to ion balance and fluid transport in a number of epithe-
lial cell types.97,98 Previous reports have shown that the knockdown 
of CFTR can inhibit autophagy in prostate cancer cells.99 In addition, 
recent studies have demonstrated that HCY can induce autophagy 
through the macrophage migration inhibitory factor (MIF)/mTOR sig-
nalling pathway, which induces apoptosis/death in human umbilical 
vein endothelial cells as an independent risk factor for atherosclero-
sis.100 In contrast, HCY was found to inhibit autophagy in vascular 
smooth muscle cells via the AMPK/mTOR signalling pathway and 
then increase endothelin type B receptor expression.101 Moreover, 
HCY also activates mTORC1 to inhibit autophagy and form abnormal 
proteins in human neurons and mice.102 Thus, as an important met-
abolic	 intermediate	of	the	SAM	cycle,	HCY	has	a	role	in	regulating	
autophagy that varies by cell type and biological environment.

Furthermore, HCY also transforms into cysteine and α-ketobu-
tyrate by the transsulphuration pathway. Cysteine can be converted 
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to	various	sulphur-containing	molecules,	such	as	GSH,	an	important	
cellular	antioxidant	and	free	radical	scavenger.	SAM	treatment	in	pa-
tients	with	cirrhosis	leads	to	recovery	of	liver	GSH	levels.103 The re-
sponse	of	the	liver	to	endotoxaemia	preserves	hepatic	SAM	storage	
by increasing MAT gene expression and decreasing the utilization 
of	SAM,	 leading	 to	 the	 inhibition	of	GSH	synthesis.104 As a result, 
SAM	 is	a	key	mediator	and	precursor	of	GSH.	Mounting	evidence	
suggests	that	GSH	may	play	a	role	in	the	control	of	autophagy.63,105 
GSH	 deficiency	 triggers	 AMPK-independent	 induction	 of	 autoph-
agy.106	GSH	is	an	intracellular	antioxidant	that	helps	to	alleviate	ox-
idative stress in proliferating cells. Nutrient deficiencies result in a 
significant	decrease	 in	 intracellular	GSH	levels	 in	cancer	cells.	This	
phenomenon	relies	on	ABCC1-mediated	GSH	degradation,	as	well	as	
glutamate-cysteine ligase inhibition and to a lesser extent on the for-
mation	of	GSH-protein	mixed	disulphides.	All	of	these	factors	syner-
gistically promote the regulation of autophagy by transforming the 
intracellular redox conditions to a more oxidizing state.63 In addition, 
α-ketobutyrate inhibits ATP synthase in a manner that is dependent 
on downstream target of rapamycin (TOR) to prolong life of C elegans, 
which results in a decrease in ATP content and an increase in autoph-
agy.64 Consist of this, α-ketobutyrate reduction activates TORC1 by 
a	Gtr1/RRAG-independent	mechanism	in	yeast.107,108 Interestingly, 
in contrast with those observations, α-ketobutyrate enhances the 
GTP	load	of	RRAG	proteins,	thereby	activating	MTORC1	and	inhib-
iting autophagy in mammalian cells.109,110 It is worth noting that the 
difference in α-ketobutyrate in the modulation of autophagy and the 
exact molecular mechanism remain to be explored in future studies. 
In	conclusion,	SAM,	as	a	mediator	of	sulphur-containing	molecules,	
regulates the activity of TOR, which is a key modulator of autophagy.

6  | SAM, as the precursor of  polyamine, 
induces autophag y
S-adenosylmethionine	is	converted	to	dcSAM	by	the	enzyme	adeno-
sylmethionine	decarboxylase.	dcSAM	is	transformed	into	the	poly-
amines	SPM	and	SPD	by	donating	an	aminopropyl	group.	SPD	and	
SPM	are	essential	polycations	that	are	involved	in	a	wide	variety	of	
cellular processes, such as the regulation of chromatin structure, 
gene transcription and translation, DNA stabilization, signal trans-
duction, cell growth and proliferation.111	Since	dcSAM	is	unavailable	
for methyl transfer reactions and inhibits methylation reactions, 
such as DNA methylation,112	 the	 steady-state	 level	 of	 dcSAM	 is	
kept very low.113	The	content	of	dcSAM	can	be	increased	greatly	in	
mammalian cells by reducing polyamine synthesis. Treatment with 
difluoromethylornithine (DFMO), an inhibitor of ornithine decar-
boxylase (ODC) that suppresses production of putrescine, results in 
a	huge	increase	in	dcSAM,	leading	to	dcSAM	levels	that	are	3-fold	
to	4-fold	greater	than	SAM	levels.114,115	Polyamine	SPD	has	recently	
been shown to be a physiological inducer of autophagy in eukary-
otic	 cells.	 SPD	 inhibits	histone	acetyltransferase	 activity,	 resulting	
in	the	upregulation	of	several	autophagy-related	genes	(ATG),	such	
as	ATG7,	ATG11	and	ATG15.65	When	added	to	culture	medium,	SPD	
also directly induces autophagy in a manner that is independent 
of transcription. The mechanism has not yet been well elucidated 

but	may	be	a	consequence	of	enhanced	deacetylation	of	essential	
autophagy-related	proteins	such	as	ATG5	and	ATG7.42 Furthermore, 
consumption of intracellular polyamines by inhibition of the biosyn-
thetic enzyme ODC with DFMO inhibits autophagy induction in re-
sponse to starvation or rapamycin treatment, with a decrease in the 
levels	 of	 LC3	 and	ATG5.66 Thus, deficiency in the biosynthesis of 
polyamines	and	cellular	accumulation	of	dcSAM	inhibits	autophagy,	
which may regulate cell proliferation.

7  | THERAPEUTIC STRATEGIES
The	connection	between	SAM	and	autophagy	was	described	above.	
As	 an	 important	 metabolite	 in	 the	 body,	 SAM	 plays	 an	 essential	
role in cell growth, apoptosis, death and differentiation.116	 SAM	
dysregulation is involved in the occurrence and development of 
various diseases, such as neuropsychiatric disorders,117 cardiovas-
cular disease,118 cancers,119 liver disease22,120 and many other dis-
eases.121-123	In	the	United	States,	SAM	became	better	known	after	
1999 as an over-the-counter dietary supplement under the Dietary 
Supplement	Health	and	Education	Act	and	it	has	been	reported	to	
be an effective treatment for depression,124 cognitive deficits,117 
chronic pain,125 osteoarthritis126 and liver support.120 Regulating the 
levels	of	SAM	in	vivo	could	 improve	the	prognosis	and	the	effects	
of treatment.117,120,127	 Given	 the	 relationship	 between	 SAM	 and	
autophagy,	new	therapeutic	strategies	 for	SAM	will	be	 introduced	
in the following sections to provide new ideas for the treatment of 
diseases.

7.1 | SAM as a treatment for inflammation-
induced diseases

Many experimental models and clinical trials have demonstrated 
the	therapeutic	effects	of	SAM	in	acute	liver	injury	and	liver	fibro-
sis.40,104,128,129	 The	 hepatoprotective	 effects	 of	 SAM	 may	 be	 at-
tributed to reduced hepatocytes oxidative stress and inflammatory 
responses through inhibiting nuclear factor-kappa B (NF-κB) nuclear 
translocation	and	activating	nuclear	factor	erythroid	2–related	fac-
tor (Nrf2).130	Lipopolysaccharide	(LPS),	an	inducer	of	endotoxaemia,	
inactivates hepatic MAT.131	SAM	treatment	has	been	demonstrated	
to	prevent	the	LPS-induced	serum	tumour	necrosis	 factor-α (TNF-
α) increase in rats.131	In	addition,	SAM	also	plays	a	role	in	preserv-
ing	the	GSH	store,103	which	moderates	LPS-induced	hepatotoxicity,	
thus preventing liver injury.104	GSH	modulates	autophagy	by	trans-
forming the intracellular redox conditions to a more oxidizing state 
when	 the	 intracellular	 GSH	 levels	 in	 cancer	 cells	 decrease.63	 We	
proposed	that	SAM	treatment	promotes	the	production	of	GSH	and	
blocks the core autophagy machinery, which may play a role in the 
regulation	of	oxidative	stress	in	cancer	cells.	In	addition,	SAM	could	
have anti-inflammatory and anti-fibrotic effects on allergic airway 
inflammation and remodelling in a murine model of chronic asthma, 
most likely by reducing oxidative stress and inhibiting activation of 
the	TGF-β1 signalling pathway.132	SAM	and	MTA	are	also	effective	in	
preventing inflammation-induced colon cancer in mice by reducing 
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the expression of NF-κB	and	STAT3,	both	of	which	are	essential	for	
promoting the survival and growth of cells during colon tumorigen-
esis.133	Previous	studies	have	also	demonstrated	that	SAM	inhibits	
inflammation through the suppression of cytokines, such as IL-6, 
IL-8, IL-10, TNF-α and IFN-γ.130,133,134 A randomized controlled trial 
of patients with Alzheimer's disease also demonstrated that higher 
plasma	SAM	levels	are	connected	with	a	decrease	in	presenilin,	IL-6	
and TNF-α.135	 Furthermore,	SAM	administration	has	been	used	 in	
patients with hepatitis-related cirrhosis136 and osteoarthritis137 by 
reducing	 inflammation.	 In	 summary,	 SAM	 treatment	 might	 inhibit	
autophagy	by	restoring	intracellular	GSH	levels	to	reduce	oxidative	
stress and exert an anti-inflammatory effect by suppressing the se-
cretion	of	inflammatory	cytokines.	Because	SAM	is	a	metabolite	in	
the body and appears to be safe for regular use, it may be an ideal 
candidate for chemoprevention of inflammation-induced diseases.

7.2 | Targeted SAM treatments combined with 
immunotherapy

Emerging evidence from cancer immunotherapy clinical trials has 
highlighted an important role for T cells in mediating the elimina-
tion	of	 tumours.	While	 the	 results	of	 immunotherapies	have	been	
encouraging in the context of haematological cancers and more re-
cently in melanoma, targeting other solid cancers has been largely 
unsuccessful.	Several	factors,	including	metabolic	competition	in	the	
tumour microenvironment, could suppress T-cell function following 
infusion.138 Autophagy is essential in sustaining cellular homeo-
stasis and plays a dual role in both tumour cell survival and death. 
Deletion of Atg5, Atg7 or Atg3 impairs peripheral T-cell homeostasis 
and T-cell survival and function.139,140 Moreover, CD8+ T cells lack-
ing	Atg5	or	Atg7	acquire	an	effector	phenotype	but	are	unable	to	
survive or form functional memory T cells.141-143 These studies in-
dicate	a	highly	dynamic	role	for	autophagy	in	T	cell–mediated	adap-
tive immune responses. DeVorkin et al showed that suppression of 
autophagy shifts T cells to a glycolytic phenotype and causes a re-
duction	in	SAM,	which	results	in	a	global	loss	of	H3K27me3	and	con-
comitant	gains	in	H3K4me3.	As	a	consequence,	autophagy-deficient	
T cells transcriptionally reprogramme immune response genes to an 
effector memory state and enhance CD8+	T	cell–mediated	rejection	
of tumours.144	Sahin	et al145	also	found	that	SAM	increased	the	DNA	
methylation of FOXP3 and then diminished the suppression capac-
ity of regulatory T cells (Treg cells) by decreasing the FOXP3 mRNA 
and protein levels in a dose-dependent manner. Tregs have immuno-
suppressive	 functions	 and	 reverse	 cytotoxic	 T	 cell–mediated	 anti-
tumour immunity.145	Moreover,	 SAM	 treatment	 also	 reduces	 IL-10	
in Treg cells.145 This outcome highlights the therapeutic potential of 
SAM	for	use	 in	 immunotherapy	 in	the	future.	 In	addition,	SAM,	as	
an important intermediate of the methionine cycle, participates in 
the	folic	acid	cycle	and	affects	one-carbon	metabolism.	Serine	is	the	
major carbon donor to the one-carbon metabolism pathway, which 
could directly regulate adaptive immunity by controlling T-cell pro-
liferative capacity.146,147	SAM	is	a	principal	methyl	donor	and	a	key	

immune metabolite that affects one-carbon metabolism and the au-
tophagic afflux, playing an essential role in shaping adaptive T-cell 
immunity	 and	 T-cell	 homeostasis.	 Thus,	 targeted	 SAM	 treatments	
combined with immunotherapy might be a novel therapeutic strat-
egy.	However,	the	immunomodulatory	effects	of	SAM	on	T	cells	in	
vivo remain to be explored in the future.

7.3 | Metformin enhances anti-tumour effects by 
regulating SAM levels

Metformin is an oral anti-hyperglycaemic agent for type 2 diabetes 
(T2D) that promotes health through the modulation of epigenomic 
metabolism. Metformin has recently been shown to promote global 
DNA methylation in non-cancerous, cancer-prone and metastatic 
cancer cells through positively modulating the activity of AHCY (the 
SAH	hydrolase)	in	an	AMPK-dependent	manner	and	promoting	the	
accumulation	of	SAM.148,149 These results indicate that metformin-
induced DNA methylation plays a role in delaying or reversing the 
hallmarks of ageing or age-related diseases, such as cancer. However, 
in contrast to those observations in mammalian cells, metformin dis-
rupts	 the	 folate	 cycle,	 leading	 to	 a	 reduction	 in	SAM	 levels	 in	mi-
crobes and slowing ageing in C elegans.150 Moreover, metformin is 
also an inhibitor of the genes that participate in methionine biosyn-
thesis transcription. It is interesting to note that limiting methionine 
in the diet can extend the lifespan of fruit flies and rodents. Bacteria 
in the human gut have a significant effect on nutrition and host biol-
ogy. Metformin could also control the response of tumour therapy by 
modulating the tumour microenvironment,151 particularly in immu-
notherapy.152 Metformin might have potential therapeutic efficacy 
through attenuating microbial methionine biosynthesis and decreas-
ing	SAM	levels150,153 or affecting the composition of the intestinal 
microflora.154 Furthermore, it has been reported that metformin 
treatment modulates the autophagy mediators becn1, atg7, and LC3 
II/I, activates AMPK and represses both the mTORC1 and mTORC2 
signalling pathways, thus inducing autophagy155,156 and playing a 
role in T2D treatment and anti-tumour therapies.157–159 Therefore, 
metformin might regulate the metabolism of the epigenome by 
changing	the	level	of	SAM,	altering	mammalian	physiology	through	
its effects on gut microbiota, and playing an anti-tumour role by ac-
tivating autophagy. Hence, combined metformin and chemotherapy 
or immunotherapy can enhance anti-tumour effects.

7.4 | DFMO as a tumour chemopreventive agent

Difluoromethylornithine (DFMO), an inhibitor of ODC, antagonizes 
polyamine	synthesis,	resulting	in	a	huge	increase	in	dcSAM,	leading	
to	dcSAM	levels	that	are	3-fold	4-fold	greater	than	SAM	levels.114,115 
DFMO has long been used for the treatment of sleeping sickness, 
since polyamines are essential for the proliferation of these proto-
zoa.160 However, polyamines are also essential for mammalian cell 
proliferation. Recently, DFMO has been shown to strongly inhibit 
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the autophagic response by decreasing the cellular levels of poly-
amine	 and	 increasing	 dcSAM.	Moreover,	 dcSAM	 inhibits	methyla-
tion reactions, such as DNA methylation,112 which may regulate cell 
proliferation. DFMO treatment inhibits the promotion and pro-
liferation/progression stages of cancer both in vitro and vivo.161 
Considering	 that	DFMO	 is	 already	approved	by	 the	US.	Food	and	
Drug Administration, DFMO could be a candidate agent in cancer 
treatment to control host autophagy. In addition, DFMO depletes 
tumours of polyamines and inhibits the growth of MYC-deregulated 
tumours in animals.162,163 Pre-emptive blockade of polyamine syn-
thesis effectively prevents neuroblastoma formation in the trans-
genic TH-MYCN model.162 DFMO as a cancer chemopreventive 
agent that has attracted much interest in recent years since ODC 
is transactivated by the c-myc oncogene in malignant tumours.164 
Identical findings in multiple cancer initiation models have led to 
a focus on DFMO as a chemopreventive agent and a treatment in 
combination with other therapies for use in treating diseases, in-
cluding neuroblastoma, colorectal neoplasia, pancreatic cancer, and 
skin cancer, in a large number of clinical settings.161,165-169 In addi-
tion, polyamine depletion shapes the tumour microenvironment to 
change it from a tumour-permissive microenvironment by suppress-
ing immune system effectors to a microenvironment that promotes 
anti-tumour immunity.170 DFMO treatment led to the recruitment 
of activated (IFNγ+) CD4+ T cells, CD8+ T cells and NK cells and an 
increase in tumour-killing M1 macrophages in the tumour microenvi-
ronment of an ovarian cancer mouse model.171 Collectively, DFMO 
inhibits ODC, by serving as the rate-limiting enzyme of polyamine 
biosynthesis	in	the	SAM	cycle,	playing	a	role	in	tumour	chemopre-
vention and tumour microenvironment regulation. DFMO that tar-
gets the tumour microenvironment (and immune effectors) could 
cooperate with immunotherapy to improve prognosis.

8  | CONCLUSION

In	 summary,	 SAM	 is	 an	 important	 intermediate	 of	 the	methionine	
cycle and primarily participates in four key metabolic pathways: 
transmethylation,	transsulphuration,	polyamine	synthesis	and	5′-de-
oxyadenosyl	 5′-radical–mediated	 biochemical	 transformations.	
SAM	can	be	synthesized	in	all	cells	through	methionine	metabolism.	
The	most	 important	 function	of	 SAM	 is	 to	be	 the	primary	methyl	
donor	 involved	 in	epigenetic	 regulation.	 In	addition,	SAM	 is	also	a	
precursor	of	(a)	GSH,	the	main	endogenous	antioxidant;	(b)	polyam-
ines, which participate in the modulation of transcription, transla-
tion,	cell	growth	and	apoptosis;	and	(c)	5′-deoxyadenosyl	5′-radical,	
which	 initiates	a	radical	reaction.	The	metabolites	of	SAM	and	the	
key	enzymes	in	SAM	biosynthesis	and	metabolism	influence	the	core	
autophagy	machinery.	The	 levels	of	SAM	modulate	autophagy	ac-
companied by targeting the AMPK/mTOR pathway and regulating 
methyltransferase	 activity.	 SAM	metabolism	has	 received	 increas-
ing attention from autophagy researchers and has provided new in-
sights	into	the	importance	of	SAM	levels	for	autophagy	regulation,	

thereby opening new avenues for autophagic control. Moreover, 
SAM	 treatment	 has	 been	 indicated	 that	 to	 inhibit	 autophagy	 and	
suppress the secretion of inflammatory cytokines, playing a role 
in ameliorating inflammatory cancers. There is evidence that some 
therapeutic strategies work against tumour cells by modulating 
the	levels	of	SAM,	GSH	or	dcSAM	and	then	stimulating	autophagy.	
These therapeutic methods could also be combined with other treat-
ments, such as chemotherapy and immunotherapy, and may provide 
a new effective therapeutic method to improve prognosis. However, 
new clinical trials are necessary to unambiguously establish the 
benefit of these methods in tumour therapy. Future research may 
investigate how the formation of the transcriptional complex and 
epigenetic	alterations	mediate	the	relationships	among	SAM	accu-
mulation, hypermethylation of DNA and histones, and autophagy 
repression.	The	therapeutic	potential	of	SAM	in	tumours	and	other	
diseases should also be investigated.
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