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Abstract
Trade-offs	 in	 life-history	 traits	 are	 clinically	 and	mechanistically	 important.	 Sulfur	
amino	acid	restriction	(SAAR)	extends	lifespan.	But	whether	this	benefit	comes	at	the	
cost	of	other	traits	including	stress	resistance	and	growth	is	unclear.	We	investigated	
the	effects	of	SAAR	on	growth	markers	(body	weight,	IGF1,	and	IGFBP3)	and	physi-
ological	 stresses.	Male-F344	 rats	were	 fed	control	 (0.86%	Met)	 and	SAAR	 (0.17%	
Met)	diets	starting	at	2,	10,	and	20	months.	Rats	were	injected	with	keyhole-limpet-
hemocyanin	(KLH)	to	measure	immune	responses	(anti-KLH-IgM,	anti-KLH-IgG,	and	
delayed-type-hypersensitivity	 [DTH]).	Markers	of	ER	 stress	 (FGF21	and	 adiponec-
tin),	 detoxification	 capacity	 (glutathione	 [GSH]	 concentrations,	 GSH-S-transferase	
[GST],	and	cytochrome-P450-reductase	[CPR]	activities),	and	low-grade	inflammation	
(C-reactive	protein	[CRP])	were	also	determined.	SAAR	decreased	body	weight,	liver	
weight,	 food	 intake,	plasma	 IGF1,	and	 IGFBP3;	 the	effect	 size	diminished	with	 in-
creasing	age-at-onset.	SAAR	 increased	FGF21	and	adiponectin,	but	stress	damage	
markers	GRP78	and	Xbp1s/us	were	unchanged,	suggesting	that	ER	stress	is	hormetic.	
SAAR	increased	hepatic	GST	activity	despite	lower	GSH,	but	CPR	activity	was	un-
changed,	indicative	of	enhanced	detoxification	capacity.	Other	stress	markers	were	
either	 uncompromised	 (CRP,	 anti-KLH-IgM,	 and	DTH)	 or	 slightly	 lower	 (anti-KLH-
IgG).	 Increases	 in	 stress	 markers	 were	 similar	 across	 all	 ages-at-onset,	 except	 for	
adiponectin,	which	peaked	at	2	months.	Overall,	SAAR	did	not	compromise	stress	
responses	 and	 resulted	 in	maximal	 benefits	with	 young-onset.	 In	 survival	 studies,	
median	 lifespan	extension	with	 initiation	 at	52	weeks	was	7	weeks	 (p	 =	 .05);	 less	
than	 the	33.5-week	extension	observed	 in	our	previous	 study	with	7-week	 initia-
tion.	Findings	support	SAAR	translational	studies	and	the	need	to	optimize	Met	dose	
based on age-at-onset.
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1  | INTRODUC TION

Sulfur	amino	acid	restriction	(SAAR)	 is	well	documented	to	extend	
lifespan	 and	 confer	 several	 metabolic	 benefits	 (Ables,	 Hens,	 &	
Nichenametla,	2016).	Much	of	these	data	are	from	studies	in	young	
rodent models under laboratory settings that do not impose envi-
ronmental challenges. Empirical studies and aging theories suggest 
that	 lifespan	extension	 causes	 trade-offs	 in	 growth,	 reproduction,	
and	 stress	 resistance	 (McClure	 et	 al.,	 2014;	 Sung	 et	 al.,	 2017).	
Accordingly,	 SAAR-induced	 increases	 in	 blood	 glutathione	 (GSH),	
plasma	 fibroblast	 growth	 factor	 21	 (FGF21),	 and	 adiponectin,	 and	
decrease	in	plasma	insulin-like	growth	factor	1	(IGF1)	are	concurrent	
with	 slow	 growth	 rates.	 As	most	 of	 the	 studies	 initiated	 SAAR	 at	
7–12	weeks,	a	period	of	rapid	growth,	it	is	unknown	whether	SAAR	
would be equally effective when initiated at later stages of life with 
reduced	growth	rates.	Another	less	studied	but	important	aspect	of	
SAAR	 is	whether	 the	metabolic	benefits	are	conferred	at	 the	cost	
of	 fitness,	 that	 is,	 response	 to	environmental	challenges,	 including	
immune response.

Nutritional	 requirements	 for	 methionine	 (Met)	 depend	 on	 life	
stage	 and	 physiological	 status	 (Otten,	 Hellwig,	 &	 Meyers,	 2006).	
Young	 rats	 allocate	 60%	 of	 dietary	Met	 for	 growth	 and	 decrease	
this	allocation	exponentially	with	increasing	body	weight	(Ishibashi	
&	 Kametaka,	 1977;	 Shin,	 Owens,	 Pettigrew,	 &	 Oltjen,	 1994).	
Considering	that	control	diets	in	most	SAAR	studies	contain	0.86%	
Met	 (and	 no	 cysteine	 [Cys]),	 restrictions	 of	 approximately	 80%	 in	
rats	(0.17%	Met)	and	86%	in	mice	(0.12%	Met)	are	essential	for	ex-
tending	 lifespan	and	 inducing	metabolic	benefits.	Previous	studies	
report	that	lifespan	extension,	changes	in	FGF21,	and	adiposity	were	
abrogated	at	restriction	levels	below	these	thresholds,	that	is,	Met	
concentrations	greater	than	0.17%	in	rats	and	0.12%	in	mice	(Brown-
Borg	et	al.,	2014;	Forney,	Wanders,	Stone,	Pierse,	&	Gettys,	2017).	
However,	much	of	these	data	pertain	to	the	onset	of	intervention	in	
young	animals.	Accounting	for	the	lower	Met	requirements	in	adult	
and	old	animals,	we	hypothesized	that	even	0.17%	Met	would	be	less	
efficient when initiated in mature adult and old rats.

The	metabolism	 and	 requirements	 of	 sulfur	 amino	 acids	 (SAA)	
change	 during	 adverse	 physiological	 conditions	 such	 as	 infection,	
inflammation,	and	immune	challenges	(Malmezat	et	al.,	2000).	Met	
and	Cys	are	precursors	for	the	synthesis	of	GSH	and	several	acute-
phase	proteins	(Litvak,	Rakhshandeh,	Htoo,	&	de	Lange,	2013).	Met	
flux	 through	 the	 transsulfuration	 pathway,	 which	 is	 essential	 for	
GSH	 synthesis,	 increases	 by	 2.7-folds	 in	 infected	 rats	 (Malmezat	
et	al.,	2000).	Tracer	studies	in	humans	show	that	under	optimal	nu-
trition,	 transsulfuration	 is	higher	 in	 the	elderly	 than	 in	young	 indi-
viduals,	 and	when	 challenged	with	 vaccination,	 the	 flux	 increases	
in both age-groups	 (Mercier	et	al.,	2006).	These	data	suggest	 that	
when	optimal	nutrition	 is	provided,	old	animals	 require	more	SAA	
than	young	animals	to	mount	similar	responses.	A	corollary	of	these	
findings	 implicates	 that	 under	 limited	 availability	 of	 SAA,	 immune	
responses mounted by adult and old animals would be lower than 
that	mounted	by	young	animals.	But,	whether	 this	 is	 true	 remains	
unknown.	We	 hypothesized	 that	 the	magnitude	 of	 SAAR-induced	

changes and response to immune challenge depends on the age-at-
onset	(AAO)	of	the	intervention.	We	tested	our	hypothesis	by	feed-
ing	male	F344	rats	starting	at	the	ages	of	2	(young),	10	(adult),	and	
20	months	(old),	with	control	(CD-0.86%	Met	without	Cys)	and	SAAR	
(0.17%	Met	without	Cys)	diets	for	nine	weeks.	These	particular	ages	
were	selected	as	they	represent	different	degrees	of	growth,	matu-
rity,	and	senescence	(Turturro	et	al.,	1999).	In	addition,	lifespan	stud-
ies	were	conducted	in	a	separate	cohort	of	male	F344	rats,	initiating	
SAAR	at	52	weeks	of	age.

2  | RESULTS

Statistical	methods	are	described	in	detail	 in	the	Methods	section.	
Statistical	significances	are	expressed	using	different	notations	for	
error probability. Pint—probability values for interaction between 
AAO	and	the	dietary	intervention;	P—probability values for the ef-
fect of diet within each age-group obtained by post hoc analysis; and 
P2t—probability values for the effect of diet within each age-group 
obtained	by	two-tailed	Student's	t-test.

2.1 | SAAR induces AAO-dependent changes in 
morphometrics

The	effect	of	SAAR	on	body	weight,	 liver	weight,	and	 food	 intake	
in	 young	 rats	was	 similar	 to	previous	observations	 (Nichenametla,	
Mattocks,	Malloy,	&	Pinto,	2017).	A	significant	interaction	between	
the	 diet	 and	 AAO	 was	 found	 for	 all	 three	 parameters	 (Figure	 1,	
Pint	≤	0.01).	Young	rats	grew	three	 times	slower	on	SAAR	than	on	
CD	(Figure	1a,	CD	-	12.43	g/week;	SAAR	-	4.33	g/week;	p	≤	.0001).	
Adult	and	old	rats	lost	body	weight	on	both	diets.	In	adult	rats,	weight	
loss	on	SAAR	was	2.5	times	of	that	on	CD	(CD	−2.08	g/week;	SAAR	
−5.45	g/week;	p	≤	.05).	Old	rats	had	similar	weight	loss	on	both	diets.	
In	young	rats,	SAAR	decreased	absolute	liver	weight	(Figure	1b,	CD	-	
7.94	g;	SAAR	-	5.90	g;	p	≤	.01)	but	not	in	relation	to	body	weight	(data	
not	shown).	SAAR	did	not	alter	liver	weight	in	adult	and	old	rats.	In	
young	rats,	food	consumption	in	relation	to	body	weight	was	signifi-
cantly	greater	on	SAAR	than	on	CD	(Figure	1c,	SAAR	-	0.50	g/g	body	
weight;	CD	–	0.45	g/g	body	weight;	p	≤	.0001).	SAAR	did	not	affect	
food consumption in adult and old rats.

2.2 | SAAR-induced growth attenuation is 
independent of changes in growth hormone

In	young	 rats,	SAAR	 increased	plasma	growth	hormone	 (GH)	con-
centrations	by	2.8-fold	(Figure	2a,	CD	–	24.8	ng/ml;	SAAR	–	67.3	ng/
ml; P2t	≤	0.05),	but	had	no	effect	in	adult	and	old	rats.	No	differences	
were	observed	in	hepatic	growth	hormone	receptor	(GHR)	protein	
levels,	regardless	of	AAO	and	diet	(Figure	2b).	Hepatic	Igf1	mRNA	was	
lower	in	young	rats	on	SAAR	(Figure	2c,	SAAR/CD	–	0.72;	p	≤	.0001),	
but	unchanged	in	adult	and	old	rats	on	SAAR.	These	changes	were	
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accompanied	 by	 similar	 and	 AAO-dependent	 changes	 in	 plasma	
IGF1	levels	(Figure	2d,	Pint	<	0.01).	SAAR	decreased	plasma	IGF1	by	
2-folds	in	young	rats	(CD	–	1	µg/ml;	SAAR	–	0.46	µg/ml;	p	≤	.0001),	
1.27-fold	in	adult	rats	(CD	–	1.29	µg/ml;	SAAR	–	0.94	µg/ml;	p	≤	.	
01),	but	had	no	effect	in	old	rats	(CD	–	1.15	µg/ml;	SAAR	–	1.07	µg/
ml).	A	significant	negative	correlation	was	found	between	IGF1	and	
GH	levels	in	young	animals	on	CD	but	not	on	SAAR	(Figure	S1a,	CD:	
r	−.75,	p	≤	.05;	SAAR:	r	−.07,	p	=	.85).	To	confirm	that	higher	plasma	
GH	was	not	an	artifact,	we	measured	GH	in	young	male	F344	rats	
on	SAAR	 from	another	 study	conducted	under	 similar	experimen-
tal	conditions	(Nichenametla	et	al.,	2017).	Although	statistically	not	
significant,	 results	 confirm	a	 similar	 trend	 (Figure	S1b).	Regardless	

of	age,	all	CD	rats	had	similar	plasma	IGF1	levels.	Our	finding	 is	 in	
agreement	with	a	previous	study	that	reported	no	changes	in	IGF1	
levels in rats that correspond to the age-groups tested in the cur-
rent	study	(2–20	months)	(Breese,	Ingram,	&	Sonntag,	1991).	SAAR	
decreased	the	protein	levels	of	plasma	IGFBP3	in	young	rats	(SAAR/
CD	–	0.39,	p	≤	.05)	and	adult	rats	(SAAR/CD	–	0.68,	p	≤	.05)	but	not	
in	old	rats	(Figure	2e).

2.3 | SAAR antagonizes IGF1 by increasing 
transcription of IGF1 binding proteins

SAAR	 caused	 AAO-dependent	 increases	 in	 mRNA	 expression	 of	
Igfbp1 and Igfbp4,	which	antagonize	 the	biological	actions	of	 IGF1	
(Allard	&	Duan,	 2018).	 SAAR	 increased	 Igfbp-1 only in young rats 
(Figure	S2a,	SAAR/CD	=	2.2;	p	≤	0.	01; Pint	≤	0.05);	and	 Igfbp-4 in 
both	young	 (Figure	S2b,	SAAR/CD	=	1.31;	p	≤	 .0001, Pint	≤	0.001)	
and	adult	rats	(SAAR/CD	=	1.39;	p	≤	 .0001).	A	larger	 increase	was	
found for Igfbp-2	 in	 young	 rats	on	SAAR	 (Figure	S2c,	P2t	 ≤	0.001;	
SAAR/CD	=	8.91).

2.4 | SAAR does not compromise immune responses

Humoral	immune	response	was	evaluated	by	injecting	keyhole-lim-
pet-hemocyanin	(KLH)	and	determining	anti-KLH-IgM	and	anti-KLH-
IgG	antibody	levels.	Some	human	studies	reported	the	presence	of	
anti-KLH	 antibodies	 in	 unsensitized	 individuals	 (Moroz,	 Krygier,	 &	
Kotoulas,	 1973).	 To	 rule	 out	 confounding	 effects,	 we	 determined	
anti-KLH-IgG	 antibodies	 from	 plasma	 collected	 before	 challeng-
ing	with	KLH,	and	 the	 levels	were	undetectable	 (data	not	 shown).	
Anti-KLH-IgM	 levels	 before	 sensitization	 were	 not	 determined	 as	
plasma	was	unavailable.	SAAR	decreased	anti-KLH-IgG	in	young	rats	
(Figure	3a1,	SAAR/CD	=	0.2;	p	≤	.05)	but	not	in	adult	and	old	rats;	no	
changes	were	observed	in	the	anti-KLH-IgM	levels	in	any	age-group	
(Figure	3a2).	Delayed-type	hypersensitivity	 (DTH)	 responses	were	
similar	 regardless	 of	 diet	 and	 AAO	 (Figure	 3a3).	 SAAR	 decreased	
splenic	GSH	 content	 in	 young	 rats	 (Figure	 3b1,	 SAAR/CD	=	 0.90;	
P2t	≤	0.01)	but	not	in	adult	and	old	rats.	No	changes	were	observed	
in	 GSH	 content	 of	 peripheral	 blood	 mononuclear	 cells	 (PBMC,	
Figure	 3b2).	 SAAR	 caused	 AAO-independent	 increases	 in	 whole	
blood	GSH	(Figure	3b3,	SAAR/CD:	young,	adult,	and	old—1.78,	1.68,	
and 1.99; for all age-groups p	≤	.0001),	but	did	not	alter	plasma	CRP	
concentrations	(Figure	3c).

2.5 | SAAR induces ER hormesis

SAAR	increased	the	hepatic	levels	of	GSSG/GSH,	a	marker	of	cellu-
lar	redox	status,	in	an	AAO-independent	manner	(Figure	4a,	SAAR/
CD—young,	adult,	and	old—1.52,	1.46,	and	1.29;	for	all	age-groups	P 
at	least	≤	0.05).	SAAR	induced	AAO-dependent	changes	in	plasma	
adiponectin	(Figure	4b1,	Pint	≤	0.0001).	Adiponectin	concentrations	

F I G U R E  1  SAAR-induced	morphometric	changes	are	dependent	
on	age-at-onset.	Control	(CD	-	0.86%	Met	without	Cys)	and	SAAR	
(0.17%	Met	without	Cys)	diets	were	fed	to	male	F344	rats	starting	
at	ages	2	(young),	10	(adult),	and	20	months	(old)	for	nine	weeks.	(a)	
Changes	in	body	weights	(b)	Changes	in	liver	weights	(c)	Changes	in	
food intake. Note: n	=	5-8/group;	Pint—interaction between age-at-
onset and diet; error bars represent SEM; * p	≤	.05,	**	p	≤	.01,	****	
p	≤	.0001
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in	 SAAR-treated	 rats	 were	 3.2-fold	 (p	 ≤	 .0001)	 and	 2.35-fold	
(p	 ≤	 .001)	 higher	 in	 young	 and	 adult	 rats,	 respectively,	 but	 similar	
in	old	rats.	SAAR-induced	increase	in	plasma	FGF21	concentration	
was	AAO-independent	 (Figure	4b2).	Young,	 adult,	 and	old	 rats	on	
SAAR	had	5.49-fold,	14.61-fold,	 and	15.28-fold	 (for	all	 age-groups	
P	at	least	≤	0.01)	higher	levels	of	FGF21,	respectively.	Although	the	
effect	of	SAAR	on	FGF21	was	AAO-independent,	the	greater	effect	
in adult and old rats compared to the effect in young rats is due 
to	 lower	 FGF21	 levels	 in	 rats	 on	 control	 diet	 (adult/young	–	 0.32	
and	old/young	–	0.26).	SAAR	did	not	induce	ER	stress	as	the	protein	

levels	of	GRP78	(Figure	4b3)	and	splicing	of	X-box	binding	protein	1	
(Figure	4b4,	Xbp1s/us)	were	not	altered.

2.6 | SAAR enhances detoxification capacity

SAAR	 did	 not	 compromise	 the	 CPR	 activity	 regardless	 of	 AAO	
(Figure	5a1),	but	increased	GST	activity	across	all	ages	(Figure	5a2,	
SAAR/CD:	1.38,	1.31,	and	1.31	in	young,	adult,	and	old,	for	all	age-
groups P	at	least	≤0.001).	SAAR	increased	the	expression	of	Cyp2E1 

F I G U R E  2  SAAR-induced	growth	attenuation	is	independent	of	changes	in	growth	hormone.	Transcriptional	and	translational	changes	in	
GH/IGF1	signaling	were	determined	in	plasma	and	livers	of	young,	adult,	and	old	male	F344	rats	after	nine	weeks	on	SAAR	diet.	(a)	Changes	
in	plasma	growth	hormone.	(b)	Lack	of	changes	in	hepatic	growth	hormone	receptor.	C)	Changes	in	hepatic	Igf1	mRNA.	(d)	Changes	in	plasma	
IGF1	concentrations.	(e)	Changes	in	plasma	IGFBP3.	Note:	Arrows	represent	the	feedback	control	of	GH/IGF1	axis;	GH—growth hormone; 
IGF1—insulin-like	growth	factor1;	GHR—growth	hormone	receptor;	IGFBP3—IGF	binding	protein	3;	n	=	5-8/group;	error	bars	represent	SEM; 
* p	≤	.05,	**	p	≤	.01,	****	p	≤	.0001;	P2t—p-values	are	from	2-tailed	Student's	t test
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only	in	young	(Figure	5b1,	SAAR/CD—1.8,	p	≤	.0001),	with	a	signifi-
cant	AAO-diet	 interaction	 (Pint	≤	0.001).	SAAR	upregulated	GstM1 
expression	to	a	similar	extent	regardless	of	AAO	(Figure	5b2,	SAAR/
CD:	young—1.28;	adult—1.57;	and	old—1.48;	for	all	age-groups	P at 
least	≤0.05).

2.7 | SAAR extends lifespan at adult-onset

SAAR	is	effective	even	at	52-week	onset,	as	male	F344	rats	exhibited	
a	better	plasma	metabolic	profile	(Figure	6a1,	SAAR/CD:	IGF1—0.72,	
insulin—0.43,	 leptin—0.34,	 and	 cholesterol—0.64;	 for	 all	 variables	
P2t	at	least	≤0.001).	The	median	lifespan	extension	obtained	at	52-
week	onset	was	7	weeks	in	male	F344	rats	(Figure	6a2,	p	=	.0504).	
Although	we	detected	a	statistically	significant	lifespan	extension,	it	
is	approximately	fivefold	lower	than	that	obtained	when	initiated	at	
the	7	weeks,	that	is,	33.5	weeks	(Figure	6b,	p	≤	.001).	Survival	curves	
for younger onset are reproduced from a published study conducted 

in	the	same	laboratory	under	similar	experimental	conditions	in	the	
same	model	(Zimmerman,	Malloy,	Krajcik,	&	Orentreich,	2003).

3  | DISCUSSION

We	investigated	two	clinically	important	aspects	of	SAAR,	that	is,	ef-
ficacy	 at	 different	AAO	and	 the	 effect	 on	 stress	 response	markers.	
Decreases	in	body	weight,	liver	weight,	plasma	IGF1,	plasma	IGFBP3,	
and	 increases	 in	 hepatic	 expressions	 of	 Igfbp-1,	 Igfbp-2,	 and	 Igfbp-4 
were	maximal	 in	 young	 rats,	 suggesting	 that	 SAAR	 inhibits	 growth.	
On	the	other	hand,	a	comparison	of	survival	curves	indicates	that	the	
maximal	 lifespan	extension	 is	obtained	with	young	onsets.	Together,	
these	data	demonstrate	that	SAAR-induced	lifespan	extension	occurs	
at	the	cost	of	growth.	On	the	contrary,	depending	on	the	type	of	stress,	
SAAR-induced	 changes	 in	 stress	 markers	 indicate	 either	 enhanced	
response	or	no	change.	Some	of	 the	enhanced	markers	were	AAO-
dependent (adiponectin and Cyp2E1),	with	maximal	increases	observed	

F I G U R E  3  SAAR	does	not	compromise	
immune	stress	responses.	Primary	
(IgM),	secondary	(IgG),	and	delayed-type	
hypersensitivity	(DTH)	immune	responses	
against	keyhole-limpet-hemocyanin	(KLH),	
and chronic inflammation (C-reactive 
protein	[CRP])	were	evaluated	in	young,	
adult,	and	old	male	F344	rats	on	SAAR	
diet	for	nine	weeks.	(a1-a3)	Immune	
responses,	(a1)	Plasma	anti-KLH-IgG	
concentration,	(a2)	Plasma	anti-KLH-
IgM	concentrations,	(a3)	Delayed-
type	hypersensitivity	response	(DTH,	
determined	by	footpad	swelling),	(b1-b3)	
Tissue-specific	changes	in	GSH,	(b1)	
Changes	in	splenic	GSH,	(b2)	Changes	
in	PBMC	GSH,	(b3)	Changes	in	whole	
blood	GSH,	(c)	Lack	of	changes	in	plasma	
C-reactive	protein	(CRP).	Note:	IgG,	
immunoglobulin	G;	IgM,	immunoglobulin	
M;	GSH,	glutathione;	n	=	5-8/group;	error	
bars represent SEM; * p	≤	.05,	**	p	≤	.01,	
**** p	≤	.0001;	P2t—P-values from 2-tailed 
Student's	t-test
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in	young	onset,	while	others	were	AAO-independent	(FGF21,	GstM1,	
and	 GST	 activity).	 SAAR	 did	 not	 compromise	 primary	 immune	 re-
sponse	(anti-KLH-IgM),	DTH,	chronic	low-grade	inflammation	(plasma	
CRP	concentrations),	and	phase-1	detoxification	capacity	(hepatic	CPR	
activity).	 Thus,	 SAAR-induced	 lifespan	 extension	 does	 not	 tradeoff	
with	stress	responses.	Despite	resulting	in	maximal	lifespan	extension,	

translating	 SAAR	 in	 young	 children	 would	 be	 undesirable	 due	 to	
growth	attenuation.	Studies	that	focus	on	increasing	the	magnitude	of	
AAO-dependent	changes	in	adult	and	old	onsets	would	be	beneficial	
for	SAAR	translation	to	humans.

In	 our	 study,	 the	 SAAR-induced	 decrease	 in	 body	weight	 was	
AAO-dependent.	The	contributing	mechanisms	are	likely	to	be	very	

F I G U R E  4  SAAR	induces	ER	hormesis.	
Markers of ER stress were evaluated in 
young,	adult,	and	old	male	F344	rats	fed	
SAAR	diet	for	nine	weeks.	(a)	Increase	
in	hepatic	oxidative	milieu,	that	is,	
GSSG/GSH	b1-b4)	SAAR	increased	ER	
stress	markers,	(b1)	Adiponectin	(onset-
dependent)	and	(b2)	FGF21	(onset-
independent),	but	did	not	alter	markers	of	
deleterious	ER	stress,	that	is,	(b3)	GRP78,	
and	(b4)	Xbp1s/us. Note:	GSSG-oxidized	
glutathione;	GSH—reduced	glutathione;	
FGF21—fibroblast	growth	factor	21;	
GRP78—glucose-related	protein	78;	
Xbp1s/us—ratio of spliced and unspliced 
transcripts	of	Xbox	binding	protein1;	
n	=	5-8/group;	error	bars	represent	SEM; 
Pint—interaction	between	AAO	and	diet;	
* p	≤	.05,	**	p	≤	.01,	***	p	≤	.001;	****	
p	≤	.0001

F I G U R E  5  SAAR	enhances	
detoxification	capacity.	Detoxification	
markers	were	evaluated	in	young,	adult,	
and	old	male	F344	rats	fed	SAAR	diet	for	
nine	weeks.	(a1)	Lack	of	changes	in	the	
activity	of	phase-1	detoxification	enzyme,	
cytochrome-P450-reductase	(CPR),	
(a2)	Increase	in	the	activity	of	phase-2	
detoxification	enzyme,	glutathione-S-
transferase	(GST).	(b1)	Increase	in	the	
mRNA	expressions	of	cytochrome-P450-
2E1 (Cyp2E1),	and	(b2)	Glutathione-S-
transferase M1 (GstM1). Note: n	=	5-8/
group; error bars represent SEM; * p	≤	.05,	
*** p	≤	.001,	****	p	≤	.0001
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different in young and adult rats. Considering that young rats appor-
tion	a	majority	of	dietary	Met	for	growth,	growth	inhibition	is	likely	
the major contributor to the decrease in the body weights in young 
rats	(Ishibashi	&	Kametaka,	1977;	Shin	et	al.,	1994).	Since	growth	in	
mature	animals	is	minimal	or	absent,	these	mechanisms	are	unlikely	
to	be	activated.	Accordingly,	several	changes	associated	with	growth	

inhibition,	 including,	 decrease	 in	 IGF1,	 IGFBP3,	 and	 increases	 in	
Igfbp-1, Igfbp-2, and Igfbp-4, are either more pronounced or only 
occurred in young rats. The decrease in body weight in adult rats 
could	be	due	 to	 loss	of	 tissue	mass.	Previous	studies	showed	 that	
the	effect	of	SAAR	on	decreasing	fat	mass	 is	much	higher	 in	adult	
mice	 than	 in	young	mice,	while	 the	magnitude	of	decrease	 in	 lean	
mass	was	similar	in	both	young	and	adult	mice	(Lees	et	al.,	2014).	It	is	
noteworthy	that	SAAR	decreased	body	weights	in	adult	rats	despite	
not	affecting	food	intake,	suggesting	that	SAAR,	in	addition	to	pre-
venting	growth,	induces	active	weight	loss	mechanisms.

The	exact	target	of	SAAR	in	GH/IGF1	signaling	seems	to	be	quite	
different	from	that	in	caloric	restriction.	SAAR	decreased	only	IGF1	
in	 young	 rats,	whereas	 caloric	 restriction	 decreased	both	GH	and	
IGF1	 (Bonkowski	 et	 al.,	 2009).	 The	 dissociation	 between	 GH	 and	
IGF1	 is	also	evident	 from	the	 lack	of	correlation	between	the	two	
in	SAAR	 (r	 =	−.07,	p	 =	 .85),	while	 a	 strong	 inverse	 correlation	was	
found in CD (r	=	−.75,	p	=	.03).	In	order	to	investigate	whether	the	
GH	insensitivity	is	due	to	changes	in	GHR	receptor	biology,	as	occurs	
in	Laron	syndrome	(due	to	GHR	mutation)	or	during	fasting	(down-
regulation	of	GHR),	we	quantified	hepatic	GHR,	but	its	levels	were	
unchanged	 (Laron,	2015;	Straus	&	Takemoto,	1990).	The	GH/IGF1	
changes	 in	SAAR	seem	to	be	 initiated	at	 the	 level	of	hepatic	 IGF1	
transcription,	resulting	in	lower	levels	of	plasma	IGF1.	Our	findings	
are consistent with prior observations where protein restriction in 
rats	decreased	the	hepatic	mRNA	expression	and	plasma	IGF1	lev-
els	 despite	 exogenous	 administration	 of	 GH	 (Campbell,	 Johnson,	
King,	Taverner,	&	Meisinger,	1990).	Nutritional	 studies	 in	pigs	also	
show	 that	 the	 induction	of	 IGF1	by	GH	 requires	 a	 threshold	 level	
of	dietary	amino	acids	(Takenaka,	Oki,	Takahashi,	&	Noguchi,	2000).	
Taken	together,	SAAR-induced	changes	in	IGF1	signaling	originate	in	
the	liver	and	are	independent	of	GH.	Recent	studies	show	that	GH	
has	IGF1-independent	effects,	particularly	on	the	bone	(Wu,	Yang,	&	
De	Luca,	2015).	Whether	GH	exerts	such	effects	in	SAAR	remains	
unknown.

GSH,	 in	 addition	 to	preventing	oxidative	damage,	plays	 a	 criti-
cal	role	 in	various	physiological	stress	responses	 (Rahman,	Biswas,	
Jimenez,	 Torres,	 &	 Forman,	 2005).	 Previous	 studies	 demonstrate	
that	 SAAR	 induces	 tissue-specific	 changes	 in	GSH	 concentrations	
(Richie	et	al.,	2004).	But	the	effect	of	these	changes	is	not	studied	in	
detail,	except	on	oxidative	damage	(Sanz	et	al.,	2006).	In	this	study,	
we quantified various stress markers that are known to respond to 
GSH	concentrations	(immune	responses,	ER	stress,	and	detoxifica-
tion	 capacity)	 from	multiple	 tissues	 including	 liver,	 adipose	 tissue,	
spleen,	and	PBMC.

Contrary	to	our	expectation	and	to	previous	reports	of	immune	
function	 enhancement	 by	 GSH,	 anti-KLH-IgM	 and	DTH	were	 un-
changed,	 despite	 an	 increase	 in	 blood	GSH	 by	 SAAR	 (Breitkreutz	
et	 al.,	 2000).	 We	 resolved	 this	 discrepancy	 by	 determining	 GSH	
concentration	 in	 immunogenic	 cells,	 PBMC	 and	 the	 immunogenic	
organ,	 spleen.	 The	 lack	 of	 changes	 in	 PBMC	GSH	 concentrations	
explains	the	anti-KLH-IgM	and	DTH	results	(Figure	S3a2,B2),	while	
the	 lower	concentration	of	anti-KLH-IgG	 in	young	 rats	might	be	a	
result	of	lower	splenic	GSH,	where	antibody	class-switching	occurs	

F I G U R E  6  SAAR	improves	metabolic	profile	and	extends	
lifespan	at	52-week	onset.	(a1)	Changes	in	plasma	metabolic	profile	
six	months	after	the	52-week	onset,	(a2)	Survival	curves	at	52-
week	onset.	(b)	Survival	curves	at	7-week	onset.	Compared	to	the	
initiation	at	52	weeks,	SAAR-induced	median	lifespan	extension	
at	seven	weeks	initiation	is	approximately	fivefold	greater.	Note: 
Data are derived from two different cohorts that are separate from 
the	biomarker	cohort.	Survival	curves	in	(b)	are	reproduced	from	a	
previous	publication;	n	is	different	for	each	graph,	(a1)	11-12/group,	
(a2)	30/group,	(b)	19-20/group;	Error	bars	in	A1	represent	SEM; 
all p-values	are	from	unpaired	Student's	t test; *** p	≤	.001;	****	
p	≤	.0001;	LSEMed	indicates	median	lifespan	extension
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(Figure	S3a1,B1).	The	immune	responses,	therefore,	reflected	GSH	
changes	 in	PBMC	and	spleen	but	not	the	changes	 in	whole	blood.	
The	SAAR-induced	increase	in	blood	GSH	is	different	from	increases	
observed	 with	 supplementation	 of	 either	 GSH	 or	 its	 precursor	
N-acetylcysteine.	 Supplementation	 usually	 increases	 GSH	 levels	
in	 all	 compartments	 of	 blood	 including	 plasma,	 erythrocytes,	 and	
PBMC	 (Richie	 et	 al.,	 2015).	 The	 SAAR-induced	 increase	 in	 blood	
GSH	appears	to	be	specific	to	erythrocytes,	as	we	observed	AAO-
independent	increases	in	blood,	90%	of	which	is	erythrocytes,	but	
no	changes	 in	PBMC.	 In	addition,	other	 investigators	observed	ei-
ther	no	changes	or	slightly	lower	levels	of	GSH	in	plasma	(Elshorbagy	
et	al.,	2011).	 In	summary,	SAAR	did	not	appear	to	compromise	the	
immune	function.	Additional	studies	are	required	to	investigate	the	
physiological	 relevance	 of	 higher	 GSH	 concentrations	 in	 erythro-
cytes but not other types of blood cells.

ER	stress	is	implicated	in	increasing	the	secretion	of	FGF21	from	
liver	 and	 adiponectin	 from	 adipose	 tissue	 (Kyriakakis,	 Charmpilas,	
&	Tavernarakis,	 2017;	 Salminen,	Kaarniranta,	&	Kauppinen,	2017).	
We	 previously	 demonstrated	 that	 SAAR	 induces	 ER	 stress-like	
responses	 in	 the	 liver	 and	 asked	 if	 these	 responses	 are	 AAO-
dependent	 (Nichenametla	 et	 al.,	 2017).	 Of	 the	 two	 markers	 we	
quantified,	 changes	 in	 FGF21	 were	 AAO-independent,	 but	 adi-
ponectin	 changes	 were	 AAO-dependent.	 The	 AAO-independent	
increase	 in	both	FGF21	and	hepatic	GSSG/GSH	 is	 consistent	with	
our	hypothesis	that	the	higher	plasma	levels	of	FGF21	in	SAAR	are	
due	to	changes	in	oxidative	milieu	of	liver,	which	induces	ER	stress.	
Depending	on	the	magnitude	of	stress,	ER	stress	responses	can	be	
detrimental.	Unchanged	GRP78	and	Xbp1s/us	levels,	markers	of	del-
eterious	ER	stress,	indicate	that	the	hepatic	ER	stress	is	not	severe	
but	 mild	 enough	 to	 induce	 beneficial	 cell	 protective	 mechanisms,	
that	is,	hormetic	stress.	Although	we	did	not	determine	these	mark-
ers	 in	 adipose	 tissue,	 we	 speculate	 that	 SAAR	 induces	 similar	 ER	
stress responses resulting in the increased secretion of adiponec-
tin.	However,	we	cannot	explain	the	AAO	dependency	of	changes	
in	adiponectin.	Overall,	ER	stress,	 initiated	by	a	decrease	 in	 tissue	
GSH	and	an	increase	in	the	ratio	of	GSSG/GSH,	might	be	a	significant	
contributing	mechanism	by	which	SAAR	extends	lifespan.

Mice	on	SAAR	have	higher	acetaminophen	detoxification	capac-
ity	(Miller	et	al.,	2005).	This	seems	paradoxical,	as	SAAR	decreases	
the	 hepatic	 GSH	which	 is	 required	 for	 detoxification	 of	 the	 toxic	
metabolite	of	acetaminophen,	N-acetyl-p-benzosemiquinone	imine	
(NAPQI);	acetaminophen	per se	 is	not	toxic.	Based	on	reports	that	
Cyp450	 enzymes,	 which	 convert	 acetaminophen	 to	NAPQI,	 were	
repressed by protein-deficient diets and are rescued by supplemen-
tation	of	either	Met	or	Cys,	we	wondered	whether	the	apparent	in-
crease	in	APAP	resistance	is	due	to	active	detoxification	of	NAPQI	or	
decreased	conversion	of	acetaminophen	to	NAPQI	(Cho,	Kim,	Lee,	
&	Kim,	1999).	In	addition,	we	questioned	whether	SAAR-enhanced	
detoxification	is	specific	to	acetaminophen.	For	this,	we	determined	
the	activities	of	enzymes	that	nonspecifically	represent	phase-1	and	
phase-2	 detoxification	 systems,	 that	 is,	 CPR	 (which	 regulates	 the	
activity	of	all	CYP450	enzymes	by	relaying	electrons	to	them)	and	
GST	(using	CDNB,	a	substrate	on	which	all	GST	isoforms	are	active),	

respectively.	While	 SAAR	did	not	 compromise	 the	CPR	activity,	 it	
enhanced	 the	GST	activity	across	all	 ages,	demonstrating	 that	 the	
increased	detoxification	capacity	may	not	be	specific	for	acetamin-
ophen.	 Besides,	 higher	 levels	 of	Cyp2E1,	which	 converts	 APAP	 to	
NAPQI	and	GstM1,	which	conjugates	NAPQI	with	GSH,	indicate	that	
the	SAAR-induced	acetaminophen	resistance	is	due	to	active	detox-
ification	of	NAPQI.	We	cannot	address	the	molecular	mechanisms	
for	the	enhanced	detoxification	 in	the	current	study.	However,	we	
speculate	that	SAAR-induced	increases	in	hepatic	NRF2	levels	might	
be	the	underlying	mechanism	(Nichenametla	et	al.,	2017).	The	tran-
scription	factor,	NRF2,	enhances	both	phase-1	and	phase-2	detoxifi-
cation	systems	(Wu,	Cui,	&	Klaassen,	2012).

Our study has some limitations. The primary objective of our 
study was to investigate representative markers of a broad range 
of physiological stresses but not detailed analyses of each type of 
stress.	A	clinically	more	relevant	approach	would	be	subjecting	an-
imals to multiple stressors. This requires challenging animals with 
multiple	 stressors	 such	 as	 lipopolysaccharide	 (inflammation),	 acet-
aminophen	 (toxicity),	 and	 antigens	 such	 as	 KLH	 (immunity)	 which	
could	be	life	threatening,	especially	to	the	old	group;	hence,	we	chal-
lenged	rats	only	with	KLH.	It	is	possible	that	animals	respond	differ-
ently when challenged simultaneously with multiple stressors. F344 
rats are known for hyperactive hypothalamic–pituitary–adrenocor-
tical	 axis	 (Marissal-Arvy	 et	 al.,	 2007).	 Thus,	 additional	 studies	 are	
required	to	find	 if	SAAR	 induces	similar	responses	 in	other	strains	
and	species	of	 laboratory	models.	While	our	findings	demonstrate	
that	young	rats	are	more	sensitive	to	SAAR	than	adult	and	old	rats,	
it	is	quite	possible	that	SAAR	could	be	equally	effective	in	adult	and	
old rats upon intervening for durations longer than nine weeks. The 
difference in lag time to decrease body weights between young rats 
(immediate)	and	adult	(5	weeks,	Figure	S3)	indicates	such	a	possibil-
ity.	Thus,	long-term	studies	are	required.	Despite	these	limitations,	
our data provide valuable insights into the mechanisms and trade-
offs	in	the	life-history	traits	in	SAAR,	which	are	critical	for	its	trans-
lation to humans.

Overall,	we	demonstrated	 that	despite	 a	decrease	 in	 the	mag-
nitude	of	AAO-dependent	changes,	SAAR	is	effective	 in	adult	and	
old	onsets	and	does	not	compromise	stress	responses.	In	addition,	
we	also	demonstrated	that	SAAR	extends	 lifespan	 in	adult	onsets;	
however,	the	magnitude	of	the	extension	is	less	than	that	obtained	
in	young	onsets.	Future	studies	should	focus	on	optimizing	the	for-
mulation	of	the	SAAR	diet	to	increase	the	efficacy	in	adult	and	old	
onsets.	 Considering	 the	 lower	 dietary	 requirement	 of	 SAA	 in	ma-
ture	 animals,	 titrating	 down	 the	 Met	 concentration	 in	 the	 SAAR	
diet	from	0.17%	is	a	reasonable	approach	to	increase	the	efficacy	in	
adult	and	old	onsets.	Based	on	its	promise	in	the	preclinical	studies	
in	ameliorating	the	metabolic	profile,	a	number	of	research	groups,	
including	ours,	are	moving	toward	clinical	studies	 in	diseased	 indi-
viduals	(Dong,	Sinha,	&	Richie,	2018;	Gao	et	al.,	2019).	However,	the	
benefits obtained in the few clinical studies conducted so far are 
not	comparable	to	those	in	animal	studies	(Epner,	Morrow,	Wilcox,	&	
Houghton,	2002;	Olsen	et	al.,	2020;	Orgeron	et	al.,	2014).	It	would	
be prudent for future preclinical and clinical studies to adjust the 
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Met	content	of	SAAR	diets	based	on	age-,	gender-,	and	species-spe-
cific nutritional requirements.

4  | E XPERIMENTAL PROCEDURES

All	 animal	 procedures	 were	 approved	 by	 the	 Institutional	 Animal	
Care	 and	 Use	 Committee	 of	 the	 Orentreich	 Foundation	 for	 the	
Advancement	of	Science.	Two	cohorts	of	male	F344	 rats,	 one	 for	
biomarkers	and	the	other	for	lifespan	extension,	were	used.	The	bio-
marker	cohort	was	used	 to	 study	AAO-specific	effects	on	growth	
and stress markers. The lifespan cohort was used to monitor lifespan 
extension	upon	 initiating	SAAR	at	52	weeks.	The	details	of	all	 the	
procedures performed on both cohorts are presented in the sup-
porting	information	(Figure	S4).

4.1 | Animals and diets

4.1.1 | Biomarker cohort

Male F344 rats were purchased in two separate shipments from 
Charles	River	Laboratories	(Wilmington,	MA).	The	prospective	old	
group	of	rats	were	obtained	at	28–30	weeks	of	age	 (n	=	17)	and	
were	maintained	on	Laboratory	Rodent	Diet	5001	(PMI	Nutrition	
International,	 Brentwood,	 MO)	 and	 acidified	 water	 ad libitum 
until they reached 20 months of age. Three old rats died while 
being aged for the study. These deaths occurred on different days 
with the animals showing no overt signs of stress or discomfort. 
Young	 (7-week-old,	n	 =	 16)	 and	 adult	 (40-week-old,	n	 =	 16)	 ani-
mals were received when the old group approached 20 months 
of	age.	All	animals	were	housed	 individually	and	maintained	at	a	
temperature	of	20	±	2°C,	50	±	10%	relative	humidity,	and	a	12:12-
hr light–dark cycle. Rats from each age-group were randomly as-
signed	to	feed	on	an	isocaloric,	chemically	defined	diet	having	the	
same	amount	of	total	amino	acids	(Research	Diets,	Inc.,	n	=	8	for	
young	 and	 adult,	 n	 =	 7	 for	 old)	 for	 nine	 weeks.	Met	 content	 in	
CD	and	SAAR	diets	was	0.86%	and	0.17%,	respectively.	Glutamic	
acid was adjusted to offset the change in total amino acid content 
due	to	difference	in	Met	concentration.	Both	diets	were	devoid	of	
Cys	 (Table	S1).	During	 the	study	period,	 two	old	 rats	on	CD	and	
one	on	SAAR	were	found	dead	from	unknown	causes,	and	there	
were no overt signs of stress or discomfort. The diets were initi-
ated	when	the	young,	adult,	and	old	groups	of	rats	were	2,	10,	and	
20	months	old,	respectively.	All	animals	had	access	to	the	experi-
mental diets and acidified water ad libitum.	Body	weight	and	food	
intake were measured weekly throughout the study. Interim blood 
at four weeks and seven weeks after initiating the diet was ob-
tained	to	measure	GSH	content	(whole	blood	and	PBMC)	and	anti-
KLH-IgM,	respectively.	Blood	was	also	collected	at	the	end	of	the	
study	(9	weeks	after	initiating	the	diet).	When	animals	were	under	

isoflurane	 anesthesia	 (Primal	 Critical	 Care),	 blood	was	 collected	
from	the	retro-orbital	plexus	into	EDTA	vacutainer	tubes	(Becton-
Dickinson).	Plasma	and	RBC	were	separated	by	centrifugation	and	
stored	at	−80°C	until	analysis.	Rats	were	euthanized	with	CO2 fol-
lowed	by	decapitation.	Liver	and	spleen	were	excised,	immediately	
flash-frozen,	and	stored	at	−80°C	until	analysis.

4.1.2 | Lifespan cohort

Male	F344	rats	were	purchased	from	Taconic	Farms	(Germantown,	
New	York,	NY)	at	9	–11	months	of	age.	Due	to	the	 limited	avail-
ability	of	aged	animals,	the	animals	were	entered	into	the	study	in	
three	batches,	each	of	twenty,	over	a	three-month	period.	The	rats	
were housed in pairs but maintained in the same animal facility and 
same	housing	conditions	as	used	for	the	biomarker	cohort.	All	the	
animals	were	fed	CD	diet	(Ziegler	Brothers,	Table	S1)	from	the	time	
of	receipt	until	they	were	entered	into	the	study.	At	12	months	of	
age,	the	rats	were	weight-matched	and	separated	into	two	groups,	
one	group	continued	to	feed	on	CD,	while	the	other	was	switched	
to	the	SAAR.	Both	groups	stayed	on	these	diets	until	death.	Food	
and water were provided ad libitum. In order to eliminate the pos-
sibility	of	fighting,	those	animals	who	were	not	switched	with	their	
cagemate were individually housed. Every effort was made to age 
animals	 to	 their	natural	death;	however,	 in	 some	 instances,	 if	 an	
animal was found to be moribund and deemed unable to survive 
for	24	hr,	it	was	euthanized	by	CO2	asphyxiation.	Six	months	after	
starting	 on	 the	 diet,	 blood	 was	 collected	 through	 retro-orbital	
plexus,	as	described	above.

4.2 | Immune responses

Humoral	and	DTH	responses	were	assessed	during	the	last	three	
weeks	on	 the	diet	 (Figure	S4).	Six	weeks	after	 the	onset	of	diet,	
animals	 were	 sensitized	 by	 sub-cutaneous	 injection	 of	 KLH	
(1	mg/0.2	ml	saline,	purity	>	97%;	EMD	Millipore,	Temecula,	CA)	
into	 the	 interscapular	 skin	 fold.	 One	 week	 after	 sensitization,	
blood	was	collected	from	the	retro-orbital	plexus	under	light	an-
esthesia	 to	measure	 primary	 (anti-KLH-IgM)	 immune	 responses.	
On	 the	 same	 day,	 the	 animals	were	 then	 challenged	with	 a	 sec-
ond	 KLH	 injection.	 Two	 weeks	 after	 KLH	 challenge,	 blood	 was	
collected	to	measure	secondary	 immune	responses,	 that	 is,	anti-
KLH-IgG.	Plasma	was	separated	from	blood	and	frozen	at	−80°C	
until	 analyzed.	 Anti-KLH-IgM	 and	 anti-KLH-IgG	 concentrations	
were	determined	by	ELISA	kits	 (Stellar	Biotechnologies,	 Inc.)	 fol-
lowing	 the	 manufacturer's	 recommendations.	 DTH	 was	 deter-
mined	 after	 eight	weeks	 on	 the	 diet,	 using	 foot-pad	 swelling	 as	
an	 endpoint.	 Heat-aggregated	 KLH	 was	 prepared	 as	 previously	
described,	 and	 2	mg	was	 injected	 subcutaneously	 into	 the	 right	
footpad	(Nichenametla,	South,	&	Exon,	2004).	The	swelling	of	the	
footpad was determined by the difference in thickness before and 
24	 hr	 after	 KLH	 injection.	 The	 thickness	 was	 measured	 using	 a	
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digital	micrometer	following	the	manufacturer's	instructions	(Digi-
Micrometer,	iGaging).

4.3 | Glutathione determination

GSH	 levels	 in	 blood,	 liver,	 and	 spleen	were	 determined	 by	 an	 en-
zymatic	 recycling	method	using	5,5-dithiobis-(2-nitrobenzoic	acid).	
Aliquots	of	blood,	liver,	and	spleen	were	homogenized	in	4–10	vol-
umes	of	ice-cold	5%	(w/v)	metaphosphoric	acid	(Sigma	Chemical)	and	
incubated	on	ice	for	15	min.	The	homogenates	were	centrifuged	at	
10,000	g	for	5	min	at	4°C,	and	the	acid-soluble	supernatant	was	used	
for	GSH	determination.	Supernatants	were	further	diluted	based	on	
the	expected	GSH	concentrations	in	each	tissue	and	used	in	the	col-
orimetric	assay	as	described	previously	(Nichenametla	et	al.,	2017).	
To	 determine	 GSSG,	 a	 similar	 procedure	 was	 followed.	 However,	
free	GSH	was	first	derivatized	with	2-vinyl	pyridine	(Griffith,	1980).	
At	four	weeks	on	the	diet,	PBMC	were	isolated	using	Ficoll-Paque	
density	 gradient	media	 following	manufacturer's	 recommendation	
(GE	Healthcare	and	Life	Sciences,	Piscataway,	NJ).	To	remove	rem-
nant	erythrocytes,	the	final	suspensions	were	gently	dispersed	and	
incubated	for	5	min	in	10	volumes	of	ammonium-chloride	potassium	
lysis	buffer	at	room	temperature.	The	isolates	were	centrifuged,	and	
the	 buffer	was	 discarded.	 The	PBMC	obtained	were	 resuspended	
and	washed	in	100	µl	of	PBS.	Pellets	obtained	after	centrifuging	and	
discarding	the	PBS	were	stored	at	−80°C	until	used.	GSH	in	PBMC	
was	 determined	 by	HPLC	 coupled	with	 electrochemical	 detection	
at	 the	 Redox	 Core	 Facility	 of	 Oklahoma	Nathan	 Shock	 Center	 of	
Excellence	in	the	Biology	of	Aging	(Oklahoma	City,	OK).	On	the	day	
of	assay,	frozen	PBMC	were	thawed	and	sonicated	with	5%	ice-cold	
MPA.	 Homogenates	 were	 centrifuged	 at	 15,000g,	 and	 superna-
tant fractions were filtered and injected into the pump. The details 
of	 HPLC	 chemistry	 are	 provided	 elsewhere	 (Rebrin,	 Kamzalov,	 &	
Sohal,	 2003).	 Aliquots	 of	 PBMC	 homogenates	 were	 used	 for	 the	
determination	of	protein	concentration	by	BCA	assay.	For	all	GSH	
assays,	each	sample	was	run	in	duplicate.

4.4 | Plasma markers

4.4.1 | Biomarker cohort

ELISA	kits	(Table	S2)	were	used	to	measure	plasma	GH,	IGF1,	FGF21,	
adiponectin,	and	CRP.	Appropriate	dilutions	for	each	analyte	were	
determined	by	testing	representative	samples	from	each	group.	All	
other	procedures	were	followed	according	to	the	manufacturer's	di-
rection.	All	samples	were	run	in	duplicates.

4.4.2 | Lifespan cohort

After	six	months	on	diet,	blood	from	overnight-fasted	animals	was	
collected	from	the	retro-orbital	plexus	and	processed	for	plasma	as	

previously	described	 (Malloy	et	al.,	2006).	 IGF1,	 insulin,	and	 leptin	
levels were quantified by radioimmunoassay according to the man-
ufacturer's	protocol	 (IGF1,	DSL	Webster;	 leptin	 and	 insulin,	EMD-
Millipore).	 Plasma	 cholesterol	 was	 quantified	 using	 commercially	
available	 kits	 (Table	 S2).	 The	 principle	 of	 the	 assay	 involves	 enzy-
matic	hydrolysis	and	oxidation	followed	by	the	development	of	 in-
dicator	quinoneimine,	in	the	presence	of	phenol	and	peroxidase.	All	
samples were run in duplicates.

4.5 | mRNA expression levels

Immediately	 after	 collecting,	 aliquots	 of	 the	 liver	 were	 incubated	
overnight	with	RNAlater	(Thermo	Fisher	Scientific)	at	4°C.	After	dis-
carding	the	RNAlater,	total	RNA	was	extracted	using	TRIZOL	(Thermo	
Fisher	Scientific)	as	recommended	by	the	manufacturer.	RNA	pellets	
were	 dissolved	 in	water	 and	 tested	 for	 purity	 (260/280).	 Residual	
DNA	was	digested	with	DNase,	and	mRNA	was	reverse	transcribed	
to	 cDNA	 using	 High	 Capacity	 cDNA	 Reverse	 Transcription	 Kits.	
Relative	quantification	of	mRNA	was	performed	by	 real-time	PCR	
using	TaqMan	assays	that	span	exons	(Thermo	Fisher	Scientific).	All	
target	 gene	 assays	were	 labeled	with	 FAM,	while	 the	 housekeep-
ing gene assay beta-2 microglobulin (β2m)	was	labeled	with	VIC.	All	
samples	were	 run	 in	duplicates,	 and	each	 replicate	well	 contained	
primers	for	both	the	target	and	house-keeping	genes.	Quantification	
for	each	gene	was	performed	separately	as	singleplex.	Fold	changes	
in	mRNA	expression	were	calculated	by	normalizing	the	expression	
levels	 with	 those	 in	 young	 rats	 on	 CD.	 Assay	 information	 is	 pre-
sented	in	Table	S3.

4.6 | Protein quantification

4.6.1 | Western blots

Protein	 expression	 was	 determined	 by	 Western	 blotting.	 Briefly,	
flash-frozen	livers	were	homogenized	with	RIPA	buffer	using	Potter–
Elvehjem	tissue	homogenizer,	and	protein	concentrations	were	de-
termined	by	BCA	assay.	Plasma	was	directly	used	in	the	BCA	assay.	
After	SDS-PAGE,	proteins	were	transferred	from	gels	to	PVDF	mem-
branes	(Bio-Rad	Laboratories,	Inc.)	and	blocked	with	5%	nonfat	dry	
milk	(Bio-Rad	Laboratories,	Inc.).	After	incubation	with	appropriately	
diluted	primary	antibodies,	membranes	were	washed	with	TBST	and	
incubated	 with	 secondary	 antibodies	 at	 room	 temperature.	 Band	
intensities	 were	 quantified	 with	 a	 ChemiDoc	 XRS	 +	 system	 after	
treating	membranes	with	either	with	Clarity	Western	ECL	Substrate	
(Bio-Rad	 Laboratories,	 Inc.)	 or	 West	 Femto	 Maximum	 Sensitivity	
Substrate	(Thermo	Fisher	Scientific).	β-Actin	was	used	as	the	loading	
control	 for	 all	 proteins	except	 IGFBP3.	HRP-conjugated	goat	 anti-
rabbit	IgG	was	used	as	loading	control	for	the	immunoprecipitated	
IGFBP3.	The	sample	size	ranged	from	5-8/group.	Specific	informa-
tion	on	antibodies,	 incubation	 conditions,	 and	dilutions	 is	 detailed	
in	Table	S4.
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4.6.2 | Immunoprecipitation of IGFBP3 from plasma

Precleared	plasma	samples	(350	µg	protein/100	µl)	were	incubated	
overnight	at	4°C	with	rabbit	anti-IGFBP3	antibody	at	1:30	dilution	
(Abcam).	10	µl	of	a	50%	protein	A	agarose	bead	slurry	(Cell	Signaling)	
was added to each sample and incubated with gentle rocking for 3 hr 
at	 4°C.	 Following	 this,	 the	 immunocomplexes	were	 centrifuged	 at	
4,000g	 for	30	s	at	4°C.	The	supernatants	were	discarded,	and	the	
pellets	were	washed	five	times	on	ice	with	250	µl	of	TBS;	each	wash	
was	followed	by	centrifugation	at	4,000	g for 1 min at 4°C. The pel-
lets	were	resuspended	in	15	µl	of	3X	SDS	sample	buffer	(187.5	mm 
Tris-HCL,	pH	6.8	at	25°C,	6%	SDS,	30%	glycerol,	150	mm	DTT,	0.03%	
bromophenol	blue),	centrifuged	for	30	s	(4,000	g,	4°C),	and	heated	
in a boiling water bath for 10 min. The samples were centrifuged at 
14,000	g for 1 min at 4°C; protein in the supernatant fraction was 
used	in	Western	blots.

4.7 | Enzyme activity

4.7.1 | Measurement of cytochrome P450 reductase 
activity in liver microsomes

Crude liver microsomes were isolated using a commercially avail-
able	 kit	 (Biovision).	 CPR	 activity	 was	 determined	 using	 another	
kit	 (Abcam).	 The	 principle	 of	 the	 assay	 is	 based	 on	 the	 coupling	
of	 NADPH	 oxidation	 by	 CPR	 with	 the	 reduction	 of	 a	 colorless	
probe	to	a	colored	product.	NADPH	is	sourced	in situ through the 
oxidation	 of	 glucose-6-phosphate	 to	 6-phospho-D-glucono-1,5-
lactone	 by	 glucose-6-phosphatase	 dehydrogenase.	 The	 rate	 of	
the color change in the substrate was directly proportional to the 
CPR	 activity.	 Background	 activity	 due	 to	 the	 nonspecific	 reduc-
tion	 in	 the	 substrate	 by	 other	 NADPH-dependent	 flavoproteins	
was accounted for with the use of an inhibitor in separate wells. 
Absorbance	was	read	every	30	s	for	30	min	at	25°C.	The	activity	
was calculated from the linear portions of the curve and normal-
ized	to	total	protein	in	the	reaction.	CPR	activity	was	expressed	as	
mmol	of	NADPH	oxidized/min/mg	protein.	All	 samples	were	 run	
in duplicates.

4.7.2 | GST activity assay

GST	 activity	 was	 determined	 using	 a	 commercially	 available	 kit	
(Sigma	Aldrich).	The	principle	of	the	assay	is	based	on	the	increase	
in	 absorbance	 of	 1-chloro-2,4-dinitrobenzene	 (CDNB),	 upon	 GST-
catalyzed	 conjugation	with	GSH.	CDNB	 is	 a	 nonspecific	 substrate	
for	 several	 classes	 of	GST	 isoforms,	 including	α,	 µ,	 and	 π.	 Briefly,	
aliquots	 of	 the	 liver	 were	 homogenized	 in	 ice-cold	 homogeniza-
tion buffer (100 mm K3PO4,	0.2	mm	EDTA,	pH	7.0)	using	a	Potter-
Elvehjem	 homogenizer.	 The	 homogenates	 were	 centrifuged	 at	
10,000	g	for	15	min	at	4°C,	and	supernatant	fractions	were	stored	at	
−80°C	until	used.	The	assay	was	performed	as	recommended	by	the	

manufacturer.	All	samples	were	run	in	duplicate	wells.	GST	activity	
was calculated based on the change in the absorbance over time and 
using	the	molar	extinction	coefficient	of	3.5	mm−1.	Activity	was	nor-
malized	to	the	total	amount	of	protein	in	the	reaction	and	expressed	
as mmol of the conjugate formed/min/mg protein.

4.8 | Statistical analysis

Data	for	the	biomarker	cohort	were	analyzed	by	two-way	analysis	
of	variance	considering	AAO	and	diet	as	independent	variables.	The	
effect	of	SAAR	in	each	age-group	was	determined	by	using	Sidak's	
correction	 for	 multiple	 comparisons.	 All	 data	 are	 expressed	 as	
mean ± standard error (SEM).	Probability	values	for	interaction	be-
tween	AAO	and	diet	were	reported	using	the	notation	Pint.	P-values	
for post-hoc comparison within each age-group were reported using 
the notation P.	In	some	cases,	where	diet-induced	differences	within	
each age-group were masked due to multiple comparisons and high 
variation	 in	 the	 old	 group,	 2-tailed	 Student's	 t	 test	was	 used,	 and	
p-values were indicated as P2t	in	the	graphs.	Associations	between	
two	variables	were	analyzed	by	Pearson's	correlation	test.	Survival	
analyses for the lifespan cohort were conducted using the log-rank 
test,	and	the	unpaired	Student's	t	test	was	used	to	analyze	plasma	
marker	data	from	lifespan	cohort.	In	all	cases,	differences	were	con-
sidered statistically significant if P	≤	.05.
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