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SUMMARY	

	

Epigenetics,	in	a	broad	sense,	is	a	hereditary	phenomenon	that	changes	gene	expression	

and	 thereby	 alters	 the	 cellular	 phenotype	 without	 changing	 the	 DNA	 sequence.	

Posttranslational	covalent	modifications	of	histone	tails	are	associated	with	epigenetic	

regulation	because	histone	modification	is	one	of	the	main	mechanisms	for	epigenetic	

modifications.	 It	 is	 highly	 specific	 in	 a	 site-	 and	 residue-specific	manner,	 and	mostly	

includes	 methylation	 and	 acetylation.	 Histone	 methylation	 has	 been	 linked	 to	

transcription	initiation	and	elongation,	heterochromatin	silencing	and	other	functions.	

Histone	marks	are	known	to	be	linked	with	chromatin	accessibility	thereby	impacting	

the	 transcriptional	 status	 (active	 or	 silent)	 of	 the	 underlying	 DNA	 sequence.	 During	

embryonal	development	histone	methylation	landscapes	of	brain	cells	are	sensitive	to	a	

wide	 range	 of	 environmental	 perturbations.	 Several	 studies	 have	 been	 conducted	 in	

recent	 years	 on	 the	 mechanisms	 involved	 in	 epigenetic	 changes	 during	 in	 utero	

development.	

In	the	drug	class	known	as	statins,	there	is	a	member	called	rosuvastatin	(RST).	

It	 catalyzes	 the	conversion	of	3-hydroxy-3-methylglutaryl	 coenzyme	A	 (HMG-CoA)	 to	

mevalonate	 and	 it	 is	mainly	used	 for	 the	 treatment	 of	 patients	with	high	 cholesterol	

levels.	Although	it	has	additional	beneficial	effects	(antiinflammatory,	anticancer,	etc.),	

it	also	has	some	unwanted	side	effects.	For	instance,	it	has	potentially	harmful	but	not	

well-documented	 effects	 on	 embryos,	 and	 RST	 is	 contraindicated	 during	 pregnancy.	

Since	about	half	of	all	pregnancies	are	unplanned,	there	is	a	possibility	that	a	pregnant	

woman	may	be	taking	RST	at	least	for	a	while.	

Mammalian	 embryonic/fetal	 development	 involves	 precise	 molecular	

interactions	between	 intrinsic	 factors	 such	 as	 genetics	 and	 epigenetics,	 and	 extrinsic	

maternal	 factors	 such	 as	 environmental	 perturbations.	 The	 aim	 of	 this	 study	was	 to	

assess	the	epigenetic	changes	in	the	brains	of	the	newborn	rats	whose	mothers	had	been	

treated	with	RST	during	pregnancy.	

To	 demonstrate	 whether	 RST	 could	 induce	 molecular	 epigenetic	 events,	

measured	as	histone	methylations,	pregnant	mothers	were	treated	daily	with	oral	RST	

doses	from	the	11th	day	of	pregnancy	for	10	days	(or	until	delivery).	On	postnatal	day	

1,	 the	 brains	 of	 control	 and	 RST-treated	 rats	 were	 removed	 for	 western	 blots	 and	

immunohistochemistry.	Several	antibodies	that	recognize	different	methylation	sites	for	
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H2A,	 H2B,	 H3	 and	 H4	 histones	 were	 then	 quantified	 in	 these	 immunoblotting	 and	

fluorescent	immunohistochemical	experiments.		

Various	 analyses	 of	 cell-type	 specific	 markers	 in	 the	 newborn	 brain	

demonstrated	that	prenatal	RST	administration	did	not	affect	the	composition	and/or	

the	cell	 type	ratios	compared	to	controls.	A	histological	analysis	of	brains	taken	from	

newborn	rats	revealed	no	morphological	alterations	after	exposure	to	RST.	Prenatal	RST	

administration	did,	however,	induce	a	general,	nonsignificant	increase	in	H2AK118me1,	

H2BK5me1,	 H3,	 H3K9me3,	 H3K27me3,	 H3K36me2,	 H4,	 H4K20me2	 and	 H4K20me3	

levels	compared	to	controls.	Moreover,	significant	changes	were	detected	in	the	number	

of	H3K4me1	and	H3K4me3	sites	(134.3%	±	19.2%	and	127.8%	±	8.5%	of	the	controls,	

respectively),	which	are	generally	recognized	as	transcriptional	activators.	The	newborn	

rat	brain	is	a	tissue	populated	mostly	by	neurons	that	are	gradually	complemented	with	

glial	and	other	cells.	Multicolor	fluorescent/confocal	imaging	of	immunohistochemically	

stained	 cell-type-specific	markers	 and	 histone	methylation	marks	 on	 tissue	 sections	

indicated	that	most	of	the	increase	in	methylation	marks	at	these	sites	were	localized	to	

nuclei	of	the	most	abundant	cell	type,	the	neurons.	

Hence,	 prenatal	 RST	 treatment	 induces	 epigenetic	 changes	 that	 could	 affect	

neuronal	differentiation	and	development.	The	epigenetic	changes	elicited	by	RST	need	

to	be	taken	into	account.	Although	there	are	no	such	data	available	yet	on	humans,	our	

results	could	be	telling	us	that	the	drug	should	be	applied	with	caution.	
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1.	INTRODUCTION	
	

1.1.	Epigenetics	and	histone	methylation	

The	genetic	information	in	eukaryotic	cells	is	encoded	in	the	nuclear	DNA.	In	the	nucleus,	

DNA	is	packed	in	a	chromatin	structure	which	determines	its	accessibility	for	functions	

such	as	transcription,	replication,	and	DNA	repair.	Chromatin	composed	of	a	specialized	

set	of	proteins,	the	so-called	histones	(H),	that	organize	DNA	into	the	nucleosome	(Figure	

1).	The	nucleosome	is	the	fundamental	unit	of	chromatin	and	it	is	composed	of	four	core	

histones	(H2A,	H2B,	H3,	and	H4),	around	which	146	base	pairs	of	DNA	is	coiled	(Kornberg	

and	Lorch,	1999).	A	fifth	histone	protein,	the	linker	histone	H1,	seals	the	nucleosome	by	

binding	to	the	entry	and	exit	sites	of	DNA	(Henn	et	al.,	2020);	histone	H1	however	does	

not	form	a	part	of	the	nucleosome	itself	and	it	plays	a	pivotal	role	in	shaping	chromatin	

architecture.	

	

Figure	 1.	 Overview	 of	 nucleosome	 architecture.	 (A)	 Face	 and	 (B)	 top	 view	 of	 the	
nucleosome	structure	(adapted	from	Bowman	and	Poirier,	2015).	

	

	 Chromatin	exists	in	two	forms,	which	provide	a	useful	qualitative	indication	of	the	

chromatin	compaction	state.	Transcription	is	largely	confined	to	euchromatin,	while	the	

heterochromatin	 defines	 genome	 regions	 where	 transcription	 is	 inactive.	 Originally,	

these	 two	 types	 of	 chromatin	 were	 distinguished	 cytologically	 by	 staining	 intensity	

during	 interphase;	 euchromatin	 stains	 lightly,	whereas	heterochromatin	 stains	darkly	

(Passarge,	 1979;	 Shahbazian	 and	 Grunstein,	 2007).	 Darker	 stained	 heterochromatin	

consist	 of	 tightly	 packaged	 protein	 and	 nucleic	 acid	 complexes	 mainly	 found	 at	 the	
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nuclear	periphery	and	it	frequently	forms	blocks	around	the	nucleolus.	Nowadays,	the	

term	heterochromatin	is	more	loosely	applied,	as	constitutive	heterochromatin	is	always	

compact,	and	it	tends	to	be	enriched	in	repetitive,	gene-poor	DNA	sequences,	whereas	

facultative	heterochromatin	can	undergo	reversible	transitions	from	a	transcriptionally	

inactive	state	to	become	transcriptionally	competent	(Woodcock	and	Ghosh,	2010).	

The	term	“epigenetics”	was	initially	coined	by	C.H.	Waddington	in	the	1940’s	and	

it	 has	 been	modified	 over	 the	 years	 by	 various	 researchers	 (see	 Tronick	 and	Hunter,	

2016,	for	further	references).	It	now	denotes	the	heritable	changes	in	gene	expression	

without	 affecting	 the	 core	 DNA	 sequence	 (Biswas	 and	 Rao,	 2018).	 In	 molecular	

epigenetics,	the	term	“epi”	is	interpreted	as	meaning	“over,”	as	in	the	molecular	process	

sitting	over	and	operating	on	the	genes	(Tronick	and	Hunter,	2016).	Epigenetic	regulation	

bridges	genotype	and	phenotype	by	changing	the	function	of	the	chromatin	(Goldberg	et	

al.,	 2007).	While	mutations	directly	 affect	 the	 genetic	material	 by	 altering	 the	 genetic	

code,	epigenetic	modifications	change	the	chromatin	structure	or	modify	the	nucleic	acid	

without	 changing	 the	 genetic	 code.	 This	 makes	 epigenetic	 modifications	 flexible,	

reversible,	 and	 quickly	 responsive	 to	 changes	 in	 the	 environment	 and	 other	 factors	

(Schäfer	and	Baric,	2017).	The	study	of	epigenetic	modifications	involves	the	interplay	

between	 the	 environment	 and	 the	 genome	 (Goldberg	 et	 al.,	 2007).	 Epigenetic	

modifications	 play	 a	 significant	 role	 in	 regulating	 cellular	 mechanisms	 and	 signaling	

pathways,	 during	 embryonic	 development,	 in	 memory	 function,	 in	 immunity	 and	 in	

disease	(Goldberg	et	al.,	2007;	Gupta	et	al.,	2010;	Schäfer	and	Baric,	2017).	

Epigenetic	 modifications	 (Figure	 2)	 that	 affect	 gene	 expression	 are:	 1)	 DNA	

methylation,	 the	 enzymatic	 addition	 of	 a	 methyl	 group	 (-CH3)	 at	 5’-carbon	 of	 the	

pyrimidine	 ring	 of	 cytosine	 nucleotide	 (methylated	 cytosine	 (5-mC));	 2)	 enzymatic	

modifications	of	histones,	primarily	acetylation	and	methylation,	and	3)	synthesis	of	19-

30	nucleotide-long	non-coding	RNAs,	 including	microRNAs,	Piwi-interacting	RNAs	and	

long	non-coding	RNAs	that	can	target	messenger	RNAs	and	interfere	with	transcription	

or	translation	(Vaiserman,	2013;	Kumar	et	al.,	2018).	In	general,	DNA	methylation	that	

(typically	occurs	at	cytosine	guanine	dinucleotide	(CpG)	sites;	Relton	and	Smith,	2010))	

has	 a	 role	 in	 silencing	 gene	 expression	 and	 heterochromatin	 remodeling,	 histone	

methylation	 either	 activates	 or	 represses	 transcription,	 although	 the	 effect	 of	 the	

methylation	depending	on	the	location	where	the	histone	modification	has	been	made.	

The	 histone	 acetylation	 is	 typically	 linked	 to	 transcriptional	 activation.	 Acetylated	
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histones	 are	 associated	 with	 unmethylated	 DNA	 and	 they	 are	 almost	 absent	 in	

methylated	DNA	regions	(Vaiserman,	2013).	RNA-mediated	silencing	occurs	when	RNAs	

of	 19	 to	 24	 nucleotides	 bind	 target	 messenger	 RNAs	 and	 induce	 their	 translational	

repression,	 cleavage,	 or	 accelerated	 decay	 (Gómez-Díaz	 et	 al.,	 2012).	 Specific	

combinations	 of	 epigenetic	 modifications	 determine	 the	 functional	 and	 structural	

features	of	each	genomic	region.	

	

	

Figure	 2.	 The	 major	 epigenetic	 mechanisms	 that	 affect	 gene	 expression.	 (A)	
enzymatic	modifications	of	histones;	(B)	DNA	methylation;	(C)	synthesis	of	small	non-
coding	RNAs	(miRNAs)	(adapted	from	Relton	and	Smith,	2010).	

	

Epigenetic	mechanisms	act	in	a	highly	flexible	and	coordinated	manner	to	regulate	

gene	expression,	replication,	repair,	etc.	Genes	encoding	proteins	that	directly	regulate	

the	epigenome	are	the	epigenetic	regulator	genes	(ERGs).	ERGs	are	a	group	of	over	400	

coding	 genes,	 most	 of	 which	 encode	 enzymes	 that	 add	 (“writers”),	 modify/revert	

(“editors/erasers”),	or	recognize	(“readers”)	epigenetic	modifications,	and	they	control	a	

range	 of	 critical	 cellular	 processes	 (Plass	 et	 al.,	 2013;	 Halaburkova	 et	 al,	 2020).	 The	

products	 of	 ERGs	 are	 involved	 in	 processes	 such	 as	 DNA	 methylation,	 histone	
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modification	and	other	chromatin-based	modifications.	ERGs	also	play	a	crucial	role	in	

the	establishment	and	maintenance	of	cell	identity	and	genome	integrity	(Halaburkova	

et	al.,	2020).	

	

	

Figure	3.	Schematic	representation	of	nucleosomal	histone	PTMs.	Most	of	the	known	
histone	modifications	occur	on	the	N-terminal	tails	of	histones.	The	modifications	include	

acetylation	(ac),	methylation	(me),	phosphorylation	(ph)	and	ubiquitination	(ub1).	N:	N-

terminal	tails;	C:	C-terminal	tails;	globular	domains	of	each	core	histone	are	represented	

as	colored	ovals	(adapted	from	Bhaumik	et	al.,	2007).	

	

	 Chromatin	architecture,	nucleosomal	positioning,	and	ultimately	access	 to	DNA	

for	gene	expression,	is	strongly	controlled	by	histone	proteins.	In	addition	to	playing	a	

vital	 role	 in	 chromatin	 structure	 and	 dynamics,	 histones	 undergo	 posttranslational	

modifications	 (PTMs),	 which	 provide	 mechanisms	 for	 mediating	 diverse	 cellular	

processes	(Klein	et	al.,	2018).	The	N-terminal	tails	of	histones	contain	many	amino	acids	

that	can	be	modified	posttranslationally	(Bhaumik	et	al.,	2007).	

	 Epigenetic	marks	are	constituted	by	the	set	of	PTMs	on	histones,	which	consist	in	

the	covalent	additions	of	different	chemical	groups	to	particular	residues	and	affects	their	

interactions	with	DNA	(Figure	3;	also	see	Bhaumik	et	al.,	2007).	On	the	one	hand	some	

modifications	 impair	histone-DNA	interactions,	causing	open	chromatin	conformation,	

when	 DNA	 is	 accessible	 to	 binding	 of	 transcriptional	 factors	 and	 resulting	 gene	
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expression.	On	the	other	hand,	some	modifications	strengthen	histone-DNA	interactions	

and	create	a	tightly	packed	chromatin	structure	when	transcriptional	machinery	cannot	

access	DNA,	and	this	results	in	gene	silencing.	The	N-terminal	tails	of	histones	are	subject	

to	a	number	of	highly	site-	and	residue-specific	posttranslational	modifications,	including	

methylation,	acetylation,	phosphorylation,	ubiquitylation,	and	SUMOylation,	which	are	

implicated	in	influencing	gene	expression	and	genome	function,	as	they	coordinate	the	

recruitment	of	chromatin	remodelers	and	transcriptional	machinery	for	transcriptional	

regulation	 (Kouzarides,	 2007).	 The	 regulation	 of	 these	 epigenetic	 marks	 relies	 on	

molecular	cooperativity	by	enzymes	that	have	the	capacity	to	recognize	a	given	mark	and	

to	tag	other	histones	using	the	same	mark.	This	epigenetic	modification	requires	several	

different	 histone	modifying	 enzymes,	 including	 “writers”	 that	 attach	modifications	 to	

histone	 tails,	 “erasers”	 that	 remove	modifications	 and	 “readers”	 that	 recognize	 these	

modifications	(Biswas	and	Rao,	2018;	Hyun	et	al.,	2017;	Klein	et	al.,	2018;	Venkatesh	and	

Workman,	2015).	The	balance	between	the	writers	and	erasers	generally	dictates	which	

marks	are	present	on	histones.	

	 Histone	modification	is	one	of	the	main	mechanisms	of	epigenetic	modifications	

that	 regulate	 gene	 expression.	 Of	 all	 the	 known	 modifications,	 histone	 Lys	 (K)	

methylation	 is	 regarded	 as	 a	 stable	 chromatin	 modification	 that,	 together	 with	 DNA	

methylation,	 defines	 epigenetic	 programs	 (Trojer	 and	 Reinberg,	 2006).	 Histone	 Lys	

methylation	 has	 been	 linked,	 among	 other	 things,	 to	 transcription	 initiation	 and	

elongation	 and	 heterochromatin	 silencing	 (Hyun	 et	 al.,	 2017).	 The	 location	 and	 the	

degree	of	methylation	of	the	Lys	residue	on	a	histone	tail	are	associated	with	differential	

gene	expression	status.	Lys	methylation	marks,	such	as	H3K4	and	H3K36,	are	implicated	

in	the	activation	of	transcription	and	linked	to	open	chromatin,	whereas	H3K9,	H3K27,	

and	H4K20	Lys	methylation	sites	are	associated	with	transcriptional	repression	and	they	

are	characteristic	of	condensed	chromatin	(Trojer	and	Reinberg,	2006;	Vermeulen	et	al.,	

2010).	 Thus,	 Lys	 methylation	 is	 implicated	 in	 both	 transcriptional	 activation	 and	

repression,	and	this	 flexibility	may	be	explained	by	the	 fact	 that	methylation	does	not	

alter	histone	charge,	so	it	does	not	directly	affect	histone-DNA	interactions,	unlike	other	

PTMs	such	as	acetylation	(Bannister	and	Kouzarides,	2011).	

	 The	 complexity	 of	 the	 methylation	 patterns	 of	 histone	 proteins	 and	 the	

methylation	state	at	any	given	Lys	residue	(unmethylated,	mono-	(me1),	di-	(me2),	or	

trimethylated	 (me3))	 also	 influence	 gene	 expression.	 The	 enzyme	 performing	 these	
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modifications	is	the	histone	lysine	methyltransferase	(KMT)	and	it	can	add	up	to	three	

methyl	 groups	 on	 a	 single	 Lys	 residue.	 Several	 protein	 domains	 have	 evolved	 in	

mammalian	cells	that	can	identify	and	bind	to	these	modifications	and	they	are	known	as	

readers	of	the	epigenome	(Biswas	and	Rao,	2018).	Readers	of	methylated	Lys	residues	

were	recently	systematically	categorized	and	they	include	various	proteins	that	contain	

specialized	domains	that	promote	the	identification	of	these	Lys	modifications	(Yun	et	al.,	

2011).	Furthermore,	Lys	methylation	marks	can	be	removed	by	epigenetic	“erasers”	that	

oppose	 the	 activity	 of	 the	 “writers”.	 The	 demethylation	 of	 Lys	 residues	 on	 histone	

proteins	is	carried	out	by	the	histone	demethylases.	The	two	known	families	of	histone	

demethylases	 are	 the	 KDM1	 (previously	 LSD1)	 and	 JmjC	 domain-containing	 proteins	

(Zhou	 and	Ma,	 2008).	 Histone	methylation	 was	 originally	 thought	 to	 be	 irreversible;	

however,	 the	 discovery	 of	 a	 histone	 lysine-specific	 demethylase	 proved	 that	 histone	

methylation	is,	in	fact,	reversible,	although	methyl	groups	are	still	believed	to	turn	over	

more	slowly	than	many	other	PTMs	(Greer	and	Shi,	2012).	

1.2.	The	mechanisms	of	statins	and	their	effects	in	pregnancy	

Statins	 (3-hydroxy-3-methylglutaryl	 coenzyme	 A	 (HMG-CoA)	 reductase	 inhibitors	

(HMGCRIs))	 are	 a	 class	 of	 lipid-lowering	 agents	 used	 in	 the	 treatment	 of	 high	 blood	

cholesterol	levels	(Taylor	et	al.,	2013).	They	were	discovered	in	1975	as	natural	products	

of	 some	molds.	 These	 inhibitors	 can	 be	 subdivided	 into	 two	 groups.	 Namely,	 natural	

compounds	derived	 from	fungal	 fermentation	(mevastatin,	 lovastatin,	 simvastatin	and	

pravastatin),	and	purely	synthetic	compounds	(fluvastatin,	atorvastatin,	rosuvastatin	and	

pitavastatin)	(Zipp	et	al.,	2007).	All	statins	bind	strongly	to	plasma	proteins.	Statins	act	

by	blocking	the	cholesterol	synthesis	through	inhibition	of	the	enzyme	necessary	for	the	

production	 of	 L-mevalonate.	 The	 inhibition	 of	 the	 first	 and	 rate-limiting	 step	 of	

cholesterol	synthesis	also	reduces	the	pools	of	intermediate	metabolites	in	the	pathway	

that	 regulate	 a	 wide	 range	 of	 cellular	 functions	 including	 hormonal	 communication,	

protein	synthesis,	cell	membrane	maintenance	and	lipid	modifications	(Zipp	et	al.,	2007).	

Statins	 enter	 the	 cells	 through	 an	 organic	 anion	 transporter	 to	 exert	 their	 actions	 on	

cholesterol	synthesis	and	they	may	also	need	to	enter	subcompartments	to	be	fully	active	

(Wierzbicki	et	al.,	2003).	

The	main	effects	of	statins	are	related	to	lipid	metabolism,	notably	the	inhibition	

of	cholesterol	synthesis,	but	their	action	is	not	just	by	lowering	lipid	levels.	Apart	from	
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the	 inhibition	 of	 cholesterol	 synthesis,	 reduction	 of	 circulating	 levels	 of	 low-density	

lipoproteins	 and	 triglycerides,	 and	 stimulation	 of	 the	 expression	 of	 high-density	

lipoproteins,	they	also	strongly	modulate	inflammatory	cells	surrounding	atherosclerotic	

plaques	(Wierzbicki	et	al.,	2003)	and	improve	vascular	endothelial	function	(Treasure	et	

al.,	 1995).	 Furthermore,	 statins	have	 long	been	known	 to	 induce	 apoptosis	 in	 various	

cancer	 cell	 lines	 (Jones	 et	 al.,	 1994;	 Karlic	 et	 al.,	 2017),	 and	 they	 have	 antitumor	

properties	(Afshari	et	al.,	2020;	Gachpazan	et	al.,	2019).	The	beneficial	effects	of	statins	

on	the	expression	of	inflammasome-related	genes	in	animal	models	(Luo	et	al.,	2014)	or	

human	in	vitro	models	(Satoh	et	al.,	2014)	have	also	been	noted.	Moreover,	statins	may	

have	beneficial	effects	in	the	central	nervous	system	(CNS)	(Famer	et	al.,	2010;	Van	der	

Most	et	al.,	2009;	Zipp	et	al.,	2007).	For	example,	in	vivo	(Kurata	et	al.,	2012)	and	in	vitro	

(Kata	 et	 al.,	 2016)	 studies	 have	 demonstrated	 that	 statins	 can	 attenuate	

neuroinflammation.	 In	 particular,	 RST	 strongly	 inhibited	 the	 expression	 of	 certain	

proinflammatory	 genes,	 while	 concomitantly	 vigorously	 stimulating	 several	

antiinflammatory	genes	in	microglial	cultures	(Kata	et	al.,	2016).	

Of	 all	 the	 commercially	 available	 statins,	 RST	 is	 one	 of	 the	 highest-selling	

prescription	 drugs	 on	 the	 market	 (Crestor;	 Astra-Zeneca	 Pharmaceuticals,	 LP,	

Wilmington,	DE,	USA)	(see	http://www.drugs.com/stats/top100/2013/sales;	accessed	

on	August	6,	2021).	RST	belongs	to	the	third-generation	statins,	which	are	synthetic	and	

in	 the	 form	 of	 pure	 active	 enantiomers,	 and	 it	 has	 the	 greatest	 inhibitory	 effect	 on	

cholesterol	 biosynthesis	 (McTaggart	 et	 al.,	 2001),	 and	 among	 the	 statins,	 it	 alters	 the	

high-density	 lipoprotein	 profile	 most	 favorably	 (Asztalos	 et	 al.,	 2007).	 RST	 is	

administered	in	daily	doses	of	5–40	mg,	and	its	half-life	is	approximately	19	hours	(Lwin	

et	al.,	2018).	Theoretically,	RST	may	be	the	most	suitable	for	use	in	breastfeeding	as	it	has	

a	relatively	large	molecular	weight	(1,001.14	g/mol),	a	higher	degree	of	protein	binding	

(90%)	 and	 a	 higher	 volume	 of	 distribution	 compared	with	 other	 statins	 (Lwin	 et	 al.,	

2018).	

Besides	 their	 beneficial	 properties,	 statins	 also	 have	 numerous	 adverse	 effects	

that	include	relatively	low	rates	of	severe	myopathy,	rhabdomyolysis,	renal	failure	and	

increases	in	liver	enzymes	(Kostapanos	et	al.,	2010).	During	pregnancy,	the	use	of	statins	

also	requires	caution	because	of	their	interference	with	cholesterol	biosynthesis.	Proper	

HMG-CoA	reductase	activity	and	cholesterol	levels	are	essential	for	cell	proliferation	and	

early	 embryonal	 development	 (Ohashi	 et	 al.,	 2003).	 The	 inhibition	 of	 this	 enzyme	 by	
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statins	may	disrupt	membrane	synthesis,	cellular	proliferation	and	growth,	metabolism	

and	protein	glycosylation,	which	are	crucial	for	the	normal	development	of	the	placenta	

(Lecarpentier	et	al.,	2012).	HMG-CoA	reductase	mRNA	is	highly	expressed	in	the	post-

implantation	 rat	 embryos,	 from	 the	 gastrulation	 through	 neurulation,	 and	 early	

organogenesis,	with	strong	signal	observed	in	primitive	ectoderm	and	neural	tube,	which	

may	 reflect	 developmental	 requirements	 for	 products	 of	 the	 mevalonate	 pathway	 in	

these	organs	(Brewer	et	al.,	1993).	The	importance	of	mevalonate-derived	intermediates	

in	early	embryogenesis	was	reported	earlier	in	mouse	models	(Surani	et	al.,	1983)	when	

the	 inhibition	 of	 HMG-CoA	 reductase	 interrupted	 pre-implantation	 development,	

although	 this	 effect	 was	 reversed	 by	 mevalonate	 supplementation.	 Furthermore,	 an	

examination	of	growth-arrested	embryos	revealed	a	predominance	of	nuclei	with	highly	

condensed	chromatin,	which	 is	 a	hallmark	of	apoptosis.	A	 study	also	 showed	 that	 the	

alteration	of	maternal	levels	of	steroids	synthesized	from	cholesterol	could	potentially	

play	 a	 role	 in	 developmental	 toxicity	 arising	 from	 prenatal	 exposure	 to	 HMG-CoA	

reductase	inhibitors	(Henck	et	al.,	1998).	It	should	be	mentioned,	however,	that	there	is	

limited	evidence	of	statin	usage	in	human	studies.		

During	 normal	 pregnancy,	 there	 is	 a	 physiological	 increase	 in	 serum	 lipid	

concentration,	with	a	concomitant	increase	in	blood	cholesterol	level.	While	the	maternal	

cholesterol	 supply	 is	 of	 minimal	 importance	 to	 the	 developing	 fetus	 as	 80%	 of	 fetal	

cholesterol	is	produced	endogenously	(Smith	and	Costantine,	2020),	the	interruption	of	

cholesterol	biosynthesis	might	affect	embryonic	development	(Godfrey	et	al.,	2012).	As	a	

result	of	their	potentially	harmful,	but	not	well	documented	effects	on	the	embryo,	statin	

treatments	 for	women	should	be	discontinued	3	months	before	attempting	to	become	

pregnant,	and	they	should	not	be	used	during	pregnancy	or	breastfeeding	(Thorogood	et	

al.,	 2009).	Lwin	et	al.	 (2018)	 confirmed	 that	 statin	appears	 to	pass	preferentially	 into	

breast	milk,	but	the	estimated	infant	exposure	is	low.	

As	 recent	 studies	 have	 emphasized	 the	 importance	 of	 maternal	 effects	 on	

chromatin	 structure	 and	 the	 interrelationship	 between	 the	 genome,	 epigenome,	 and	

environment	(Danielewicz	et	al.,	2020;	Monk	et	al.,	2019)	on	one	hand,	and	because	we	

have	very	limited	data	on	any	epigenetic	study	involving	RST	on	the	other,	we	decided	to	

investigate	whether	RST	elicited	molecular	epigenetic	events	such	as	histone	methylation	

in	the	brains	of	the	newborn	rats	whose	mothers	had	been	treated	over	time	with	the	

drug.	
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2.	SPECIFIC	AIMS	

	

Epigenetic	regulation	allows	the	alteration	of	the	phenotype	or	transcriptional	state	of	a	

cell	or	an	organism	without	affecting	its	genome,	and	this	leads	to	adaptation	to	various	

developmental	 and/or	 environmental	 cues.	 Histone	 modification	 is	 one	 of	 the	 main	

mechanisms	 for	 epigenetic	 modifications.	 Examining	 histone	 modifications	 at	 a	

particular	genomic	region,	or	across	the	genome,	can	reveal	the	structure	of	chromatin,	

thereby	permitting	DNA	accessibility	and	gene	activation	states,	or	even	locations	of	gene	

regulatory	 elements	 (Kimura,	 2013).	 Histone	 methylation	 has	 been	 linked	 to	

transcription	 initiation	and	elongation,	heterochromatin	silencing	and	other	 functions.	

During	 the	 embryonal	 development	 histone	methylation	 landscapes	 of	 brain	 cells	 are	

sensitive	to	a	wide	range	of	environmental	perturbations	(Shen	et	al.,	2014).	

	 RST,	as	a	member	of	statins,	catalyzes	the	conversion	of	HMG-CoA	to	mevalonate	

and	it	is	generally	used	for	the	treatment	of	high	cholesterol	levels	(Taylor	et	al.,	2013).	

While	it	has	beneficial	effects	on	inflammation	and	may	reduce	the	risk	of	certain	cancers,	

there	 are	 a	 few	 known	 side	 effects	 of	 the	 drug.	 Currently,	 the	 use	 of	 statins	 is	

contraindicated	during	pregnancy.	The	main	clinical	concern	is	the	teratogenic	effect	of	

statins	 on	 the	 fetus,	 though	 there	 is	 no	 evidence	 to	 suggest	 that	 the	 use	 of	 statins	 in	

pregnancy	increases	the	risk	of	fetal	abnormalities.	

	 Since	a	large	percentage	of	pregnancies	are	unplanned,	there	is	a	good	chance	that	

a	 pregnant	 woman	may	 be	 unknowingly	 taking	 a	 statin	 during	 the	 early	 part	 of	 the	

pregnancy.	As	regards	epigenetics,	we	have	limited	data	on	epigenetic	studies	involving	

RST.	 In	 an	 attempt	 to	 shed	more	 light	 on	 the	 epigenetic	 effects	 of	RST,	we	 set	 out	 to	

characterize,	 partly	 by	 applying	 quantitative	 techniques,	 and	 determining	 the	

distributions	and	 levels	of	 selected	histone	PTMs	 in	newborn	 rat	brains.	As	 far	 as	we	

know,	no	similar	epigenetic	study	has	been	reported	to	date.	

	 Our	specific	aims	were:	

1) To	determine	whether	RST	 induces	molecular	 epigenetic	 events	 in	 the	brains	of	

newborn	 rats	 whose	 mothers	 were	 pretreated	 with	 the	 drug	 during	 their	

pregnancy;	

2) To	determine	whether	in	utero	RST	treatment	could	be	related	to	cytoarchitectonic	

alteration	and/or	influence	cell	proliferation	in	newborn	brains;	
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3) To	quantitatively	analyze	the	changes	in	methylation	patterns	as	a	consequence	of	

in	 utero	 RST	 exposure,	 and	 identify	 the	 cell	 types	 that	 display	 these	 epigenetic	

changes	in	newborn	brains.	

	

3.	MATERIALS	AND	METHODS	
	
3.1.	Animal	handling	and	treatment	

Pregnant	 Sprague–Dawley	 rats	 (190–210	 g)	 were	 kept	 under	 standard	 housing	

conditions	and	fed	ad	libitum	with	regular	laboratory	chow.	Pregnant	rats	were	divided	

into	 three	 groups.	 Besides	 the	 absolute	 controls	 (no	 supplements	 at	 all),	 the	 vehicle-

treated	control	animals	received	a	small	amount	(650	mg)	of	liver	pâté	in	pellet	form	once	

a	day,	whereas	treated	rats	were	given	daily	oral	doses	of	RST	(0.25	mg/kg	body	weight)	

mixed	 into	pellets	of	 liver	pâté.	The	dose	administered	 to	 rats	was	within	 the	human	

therapeutic	dose	range	(5–40	mg;	see	https://www.drugs.com/crestor.html;	accessed	on	

August	6,	2021).	Both	groups	received	this	liver	pâté	supplement	(with	or	without	RST)	

from	the	11th	day	of	pregnancy	for	10	days	(or	until	delivery).	Feeding	with	the	liver	pâté	

was	carried	out	individually,	using	forceps.	Five	breeding	runs	(4–6	pregnant	rats	each)	

provided	the	litters	(6–12	pups	from	each	mother)	from	which	independent	experiments	

were	 performed.	 On	 postnatal	 day	 1,	 the	 cerebral	 hemispheres	 of	 absolute	 control,	

vehicle-treated	control,	and	RST-treated	rats	were	removed	and	either	homogenized	for	

western	blot	analysis	or	embedded	in	paraffin	for	hematoxylin	and	eosin	(H&E)	staining	

and	fluorescent	immunohistochemistry/confocal	microscopy.	

3.2.	Antibodies	

The	antibodies	used	in	this	study	are	listed	in	Tables	1	and	2.	Several	antibodies	specific	

for	 Lys	methylation	 sites	 and	 states	 of	 H2A,	 H2B,	 H3,	 and	 H4	 histone	 proteins	 were	

selected	for	western	blot	analyses	and	fluorescent	immunohistochemistry.	Antibodies	for	

cell-specific	 markers	 were	 used	 to	 detect	 neurons,	 astrocytes,	 oligodendrocytes	 and	

microglial	 cells,	 as	well	 as	 to	 check	 for	possible	 changes	 in	 their	 ratios.	The	anti-Ki67	

antibody	was	used	to	visualize	proliferating	cells	(Szabo	et	al.,	2016;	Dulka	et	al.,	2021).	



18 
 

Primary	antibody,	
full/abbrev.	name	

Final	
dilution	

Company	
name	

Secondary	
antibody	with	
fluorochrome,	
full	name	

Company	 Final	
dilution	

Mouse	anti-NeuN,	
monocl.	ab.	(NeuN)	

1:100	 Chemicon,	
Temecula,	
CA,	USA	

Alexa	Fluor	488	
goat	anti-mouse	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

Mouse	anti-Iba1,	
monocl.	ab.	(Iba1)	

1:250	 Abcam,	
Cambridge,	
UK	

Alexa	Fluor	488	
goat	anti-mouse	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

Rabbit	anti-Iba1,	
polycl.	ab.	(Iba1)	

1:300	 Abcam,	
Cambridge,	
UK	

Alexa	Fluor	568	
goat	anti-rabbit	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

Rabbit	anti	Ki-67,	
polycl.	ab.	(Ki-67)	

1:400	 Thermo	
Fisher	
Scientific,	
Inc.,	
Waltham,	
MA,	USA	

Alexa	Fluor	568	
goat	anti-rabbit	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

Mouse	anti-GFAP,	
monocl.	ab.	(GFAP)	

1:100	 Thermo	
Fisher	
Scientific,	
Inc.,	
Waltham,	
MA,	USA	

Alexa	Fluor	488	
goat	anti-mouse	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	
	

1:1000	

Rabbit	anti-Histone	H3	
(mono	methyl	K4)	
polycl.	ab.	(H3K4me1)	

1:500	 Biorbyt,	
Cambridge,	
UK	

Alexa	Fluor	568	
goat	anti-rabbit	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

Rabbit	anti-Histone	H3	
(tri	methyl	K4)	polycl.	
ab.	(H3K4me3)	

1:500	 Biorbyt,	
Cambridge,	
UK	

Alexa	Fluor	568	
goat	anti-rabbit	
IgG	

Invitrogen,	
Carlsbad,	
CA,	USA	

1:1000	

		

Table	 1.	 Primary	 and	 secondary	 antibodies	 used	 in	 immunohistochemistry.	
Abbreviations	are	listed	on	page	5.	

	

	

Primary	antibody,	
full/abbrev.	name	

Final	
dilution	

Company	
name	

Secondary	
antibody	with	
fluorochrome,	
full	name	

Company	 Final	
dilution	

Rabbit	anti-Histone	
H2A	(mono	methyl	
K118)	monocl.	ab.	
(EPR17488)	
(H2AK118me1)	

1:1000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	
H2B	(mono	methyl	K5)	
polycl.	ab.	
(H2BK5me1)	

1:1000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H3	
polycl.	ab.	(H3)	

1:1500	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	
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Rabbit	anti-Histone	H3	
(mono	methyl	K4)	
polycl.	ab.	(H3K4me1)	

1:1000	 Biorbyt,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H3	
(tri	methyl	K4)	polycl.	
ab.	
(H3K4me3)	

1:1000	 Biorbyt,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H3	
(tri	methyl	K9)	polycl.	
ab.	(H3K9me3)	

1:1000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H3	
(tri	methyl	K27)	polycl.	
ab.	
(H3K27me3)	

1:1000	 Biorbyt,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H3	
(di	methyl	K36)	
monocl.	ab.	
(EPR16994(2))	
(H3K36me2)	

1:5000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H4	
polycl.	ab.	(H4)	

1:1500	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H4	
(di	methyl	K20)	polycl.	
ab.	(H4K20me2)	

1:2000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Histone	H4	
(tri	methyl	K20)	polycl.	
ab.	(H4K20me3)	

1:1000	 Abcam,	
Cambridge,	
UK	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Mouse	anti-GAPDH,	
monocl.	ab.,	clone	
GAPDH-71.1	(GAPDH)	

1:20000	 Sigma,	St.	
Louis,	MO,	
USA	

Anti-mouse	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Rabbit	anti-Iba1,	
polycl.	ab.	(Iba1)	

1:500	 FUJIFILM	
Wako,	
Osaka,	Japan	

Anti-rabbit	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Mouse	anti-beta	III	
Tubulin,	monocl.	ab.,	
clone	TU-20	
(β-III	tubulin)	

1:500	 Abcam,	
Cambridge,	
UK	

Anti-mouse	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Mouse	anti-EAAT1,	
monocl.	ab.	(EAAT1)	

1:1000	 Abcam,	
Cambridge,	
UK	

Anti-mouse	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

Mouse	anti-CNPase,	
monocl.	ab.	(CNPase)	

1:250	 Abcam,	
Cambridge,	
UK	

Anti-mouse	IgG,	
peroxidase	conjug.	

Sigma,	St.	
Louis,	MO,	
USA	

1:2000	

	

Table	 2.	 Primary	 and	 secondary	 antibodies	 used	 in	western	 blots.	 Abbreviations	 are	
listed	on	page	5.	
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3.3.	Histology	

Newborn	 rat	 brains	 were	 removed	 quickly,	 then	 fixed	 in	 0.05	M	 phosphate-buffered	

saline	(PBS)	containing	4%	formaldehyde,	and	embedded	in	paraffin.	Sections	were	cut	

(6	µm	thickness)	on	a	microtome	(Leica	RM2235;	Leica	Mikrosysteme	Vertrieb	GmbH,	

Wetzlar,	Germany),	mounted	on	glass	slides	coated	with	(3-aminopropyl)triethoxysilane	

(Menzel	 GmbH,	 Saarbrücken,	 Germany),	 and	 subsequently	 used	 for	H&E	 staining	 and	

immunohistochemistry	(Legradi	et	al.,	2020).	

3.4.	Fluorescent	and	confocal	immunohistochemistry	

Paraffin-embedded	tissue	sections	were	deparaffinized,	rehydrated,	and	placed	in	a	jar	

filled	with	0.01	M	citrate	buffer	(pH	6.0)	containing	0.05%	Tween-20,	and	then	heated	at	

95°C	for	20	min.	The	sections	were	washed	3	×	10	min	in	0.05	M	PBS	containing	0.05%	

Tween-20	 and	 blocked	 in	 0.05	M	 PBS	 solution	 containing	 0.05%	 Tween-20,	 and	 5%	

normal	 goat	 serum	 (NGS)	 for	 1	 h	 at	 room	 temperature	 (RT).	 The	 sections	were	 then	

incubated	with	primary	antibodies	in	a	0.05	M	PBS	solution	containing	0.05%	Tween	20	

and	5%	NGS	overnight	at	4	°C.	After	washing	(4 × 10 min	in	0.05	M	PBS	containing	0.05%	

Tween-20),	primary	antibodies	were	labeled	with	either	Alexa	568–conjugated	goat	anti-

rabbit	 IgG	 or	 Alexa	 488–conjugated	 goat	 anti-mouse	 IgG	 secondary	 antibodies	 (final	

dilution	1:1000;	Invitrogen,	Carlsbad,	CA,	USA)	in	blocking	solution	for	3	h	at	RT.	After	

4 × 10 min	washes	in	0.05	M	PBS	containing	0.05%	Tween-20,	cell	nuclei	were	stained	in	

2-[4-(aminoiminomethyl)phenyl]-1H-indole-6-carboximidamide	 hydrochloride	 (DAPI)	

solution	(Thermo	Fisher	Scientific,	Waltham,	MA,	USA).	Digital	images	were	captured	on	

a	Leica	DMLB	epifluorescence	microscope	using	a	Leica	DFC7000	T	CCD	camera	(Leica	

Microsystems	CMS	GmbH,	Wetzlar,	Germany)	and	the	LAS	X	Application	Suite	X	(Leica)	

(Legradi	et	al.,	2020;	Dulka	et	al.,	2021).	

Selected	immunolabeled	sections	were	also	examined	with	a	confocal	laser	scanning	

microscope	(Olympus	Fluoview	FV1000,	Olympus	Life	Science	Europa	GmbH,	Hamburg,	

Germany).	Images	(512	×	512	pixels)	were	captured	along	the	Z-axis,	with	a	distance	of	

0.5	μm	between	consecutive	optical	slices	using	the	following	microscope	configuration:	

objective	 lens,	 UPLSAPO	 60x;	 numerical	 aperture,	 1.35;	 sampling	 speed,	 4	 μs/pixel;	

optical	zoom,	2x;	and	scanning	mode,	sequential	unidirectional.	Excitation	wavelengths	
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were	as	 follows:	405	nm	(DAPI),	488	nm	(Alexa	Fluor	488),	and	543	nm	(Alexa	Fluor	

568).	Z-stack	images	were	prepared	using	10–12	consecutive	optical	slices.	

3.5.	Western	blot	analysis	

Brains	from	newborn	rats	were	dissected,	homogenized	in	50	mM	Tris-HCl	(pH	7.5	at	4	

°C)	 containing	 150	 mM	 NaCl,	 2	 μg/ml	 leupeptin,	 1	 μg/ml	 pepstatin,	 2	 mM	

phenylmethylsulfonyl	fluoride,	and	2	mM	EDTA,	and	centrifuged	at	14,000	×	g	for	10	min.	

The	supernatant	was	aliquoted,	and	the	pellet	was	rehomogenized	in	50	mM	Tris-HCl	(pH	

7.5	 at	 4	 °C)	 containing	 150	 mM	 NaCl,	 0.1%	 Nonidet-P40,	 0.1%	 cholic	 acid,	 2	 μg/ml	

leupeptin,	1	μg/ml	pepstatin,	2	mM	phenylmethylsulfonyl	fluoride,	and	2	mM	EDTA.	The	

samples	were	incubated	on	ice	for	30	min	and	then	aliquoted.	The	protein	concentrations	

of	the	samples	were	determined	by	the	method	of	Lowry	et	al.	(1951).		

Western	 blot	 analysis	was	 performed	 as	 previously	 described	 (Szabo	 et	 al.,	 2016;	

Legradi	et	al.,	2020;	Lajkó	et	al.,	2020).	For	western	blot	analyses,	15–30	mg	of	protein	

was	 separated	 on	 a	 SDS	 polyacrylamide	 gel	 (4%–12%	 stacking	 gel/resolving	 gel),	

transferred	onto	a	Hybond-ECL	nitrocellulose	membrane	(Amersham	Biosciences,	Little	

Chalfont,	 Buckinghamshire,	 England),	 blocked	 for	 1	 h	 in	 5%	 nonfat	 dry	milk	 in	 Tris-

buffered	 saline	 (TBS)	 containing	 0.1%	 Tween-20,	 and	 incubated	 overnight	 with	 the	

appropriate	primary	antibodies	as	well	as	with	that	of	the	internal	control	(mouse	anti-

GAPDH	monoclonal	antibody).	After	five	rinses	in	0.1%	TBS–Tween-20,	the	membranes	

were	 incubated	 for	 1	 h	with	 the	 appropriate	 horseradish	 peroxidase-conjugated	 goat	

anti-rabbit	or	rat	anti-mouse	secondary	antibodies,	and	washed	three	times	as	above.	The	

enhanced	 chemiluminescence	method	 (ECL	 Plus	western	 blotting	 detection	 reagents;	

Amersham	Biosciences)	was	 used	 to	 identify	 immunoreactive	 bands	 according	 to	 the	

manufacturer's	protocol.	The	exposure	time	and	film	development	were	optimized	for	

each	antibody.	

3.6.	Digital	processing	and	image	analysis		

Grayscale	 digital	 images	 of	 the	 immunoblots	 were	 acquired	 by	 scanning	 the	

autoradiographic	films	with	a	desktop	scanner	(Epson	Perfection	V750	PRO;	Seiko	Epson	

Corp.,	Suwa,	Japan).	The	images	were	scanned	and	processed	at	identical	settings	to	allow	

comparisons	of	western	blots	obtained	from	different	samples.	The	bands	were	analyzed	

by	densitometry	via	the	computer	program	ImageJ	(version	1.47;	developed	at	the	U.S.	
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National	Institutes	of	Health	by	W.	Rasband,	available	at	https://imagej.net/Downloads)	

(Schneider	et	al.,	2012)	as	we	published	earlier	(Lajkó	et	al.,	2020;	Legradi	et	al.,	2020).	

The	immunoreactive	densities	of	equally	loaded	lanes	were	quantified,	the	samples	were	

normalized	 to	 the	 densities	 of	 internal	 controls	 (GAPDH),	 and,	 for	 epigenetic	 studies,	

presented	as	a	percentage	of	controls.	

3.7.	Statistical	analysis	

All	statistical	comparisons	were	made	using	SigmaPlot	software	(v.	12.3,	Systat	Software,	

Inc.,	 Chicago,	 IL,	 USA),	 and	 data	 were	 analyzed	 with	 one-way	 analysis	 of	 variance	

(ANOVA)	or	the	Mann–Whitney	rank	sum	test.	For	western	blots,	values	were	presented	

as	 mean	 ±	 standard	 errors	 of	 mean	 (SEM)	 from	 at	 least	 five	 immunoblots,	 each	

representing	 an	 independent	 newborn	 from	 independent	 breeding	 runs.	 A	p-value	 of	

< 0.05	was	considered	significant.	

	

4.	RESULTS	
	
4.1.	Histone	methylation	patterns	of	absolute	and	vehicle-treated	controls	do	not	

differ	significantly	in	the	newborn	brain	

When	 investigating	 epigenetic	 events	 in	 the	 newborn	 brain	 after	 the	 in	 utero	

administration	of	RST,	we	assumed	that	liver	pâté,	the	vehicle	used	to	deliver	RST,	did	

not	elicit	changes	in	histone	methylation	patterns.	To	ascertain	such	possible	effects	of	

the	 liver	 pâté,	 we	 assayed	 H2AK118me1,	 H2BK5me1,	 H3,	 H3K4me1,	 H3K4me3,	

H3K9me3,	H3K27me3,	H3K36me2,	H4,	H4K20me2,	and	H4K20me3	levels	using	western	

blots	from	absolute	control	and	vehicle-treated	control	newborn	rat	brain	samples.	

	 Our	data	showed	that	liver	pâté,	as	a	nutritional	supplement,	had	no	significant	

effect	on	the	methylation	patterns	of	these	sites	(Figure	4).	As	all	vehicle-based	controls	

had	values	between	93.2%	±	7.7%	and	106.4%	±	10.7%	of	the	absolute	controls,	with	no	

significant	differences	among	them	from	at	least	five	separate	experiments,	we	refer	to	

vehicle-treated	controls	henceforth	as	merely	"controls",	and	further	data	presentation	

uses	vehicle-based	controls	as	a	reference	point.	
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Figure	 4.	 Quantitative	 western	 blot	 analyses	 of	 histone	 methylation	 patterns	 in	 the	
brains	of	absolute	control	 (red	column)	and	vehicle-treated	control	newborn	rats.	 (A)	
Protein	contents	from	absolute	controls	and	vehicle-treated	controls	were	determined	

and	 assayed	 on	 western	 blots.	 Gel-loaded	 protein	 samples	 were	 separated	 by	 gel	

electrophoresis,	 transferred	 to	 nitrocellulose	 membranes,	 and	 assayed	 for	

immunoreactivity	with	antibodies	that	recognize	core	histones	and	histone	methylations.	

Grayscale	digital	images	of	the	immunoblots	were	scanned	and	processed	under	identical	

settings	to	allow	comparisons	to	be	made	between	western	blots	obtained	from	different	

samples.	Values	indicate	the	mean	±	SEM.	Integrated	optical	density	data	were	analyzed	

with	 ANOVA	 using	 SigmaPlot.	 No	 statistically	 significant	 differences	 were	 observed	

between	the	absolute	control	and	vehicle-control	samples.	(B)	Representative	western	
blot	 images	 of	 immunoreactivity	 toward	 antibodies	 specific	 to	 methylation	 sites	 and	

states,	together	with	the	GAPDH	immunoreactive	bands	that	served	as	inner	standards.	

	

4.2.	In	utero	RST	exposure	does	not	affect	cell	composition	in	the	newborn	brain	

RST	exposure	in	utero	did	not	bring	about	structural	abnormalities	in	the	newborn	brain	

at	the	level	of	light	microscopy,	as	evidenced	by	H&E	staining	(Figure	5).	
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Figure	5.	Representative	pictures	on	the	cytoarchitecture	of	the	newborn	rat	brain.	No	
differences	were	observed	in	paraffin-embedded,	H&E-stained	tissue	sections	between	

(A)	control	and	(B)	RST-treated	newborn	brains	by	light	microscopy.	Scale	bar	in	(B):	1	
mm.	

	

	 Double	 immunofluorescent	 staining	 for	 microglial	 and	 neuronal	 cell	 markers	

revealed	that	the	ratios	of	these	cells	did	not	change	between	the	control	and	RST-treated	

group	(Figure	6).	

	 A	quantitative	western	blot	analysis	of	cell-specific	markers	showed	that	prenatal	

exposure	to	RST	did	not	cause	abnormalities	in	cell	composition	in	the	newborn	brains,	

as	 the	 ratios	 of	 these	 cells	 did	 not	 change	 significantly	 between	 control	 and	 treated	

groups	(Figure	7).	
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Figure	6.	Representative	double	immunofluorescent	pictures	with	specific	stainings	for	
microglia	and	neurons	in	the	cortex	of	the	newborn	rat	brain.	Microglia	were	labeled	with	

the	 anti-Iba1	 antibody/Alexa	 Fluor	 568	 goat	 anti-rabbit	 IgG	 complex	 (red),	 whereas	

neurons	were	detected	with	the	anti-NeuN	antibody/Alexa	Fluor	488	goat	anti-mouse	

IgG	complex	(green).	Cell	nuclei	were	labeled	with	DAPI	(blue).	The	pictures	indicate	that	

prenatal	 exposure	 to	RST	did	not	 cause	 cytoarchitectural	 abnormalities	 that	 could	be	

detected	by	light	microscopy	at	this	magnification.	The	ratio	of	microglia	(B,	F)	to	neurons	
(C,	G)	is	similar	between	the	control	(A–D)	and	RST-treated	(E–H)	newborn	brains.	Scale	
bar	for	all	in	(H):	100	µm.	

	

	

Figure	7.	Quantitative	western	blot	analyses	of	the	main	cell	type	markers	from	control	
and	 RST-treated	 newborn	 rat	 brains.	 Controls	 (red	 column)	 and	 RST-treated	 (black	

column)	samples	were	analyzed	quantitatively	on	western	blots	for	microglial,	neuronal,	

astrocyte,	and	oligodendrocyte	markers.	Protein	samples	(15–30	μg)	were	separated	by	

gel	electrophoresis,	transferred	to	nitrocellulose	membranes,	and	assayed	for	reactivity	

toward	 the	 Iba1	 (microglia	marker),	beta	 III	 tubulin	 (neuron-specific	marker),	EAAT1	

(astrocyte	marker),	CNPase	(oligodendrocyte	marker),	and	GAPDH	proteins.	Error	bars	

indicate	integrated	optical	density	values	(mean	±	SEM)	normalized	to	the	values	of	the	

internal	 standard	GAPDH.	 Representative	western	 blot	 pictures	 are	 shown	below	 the	

graph.	No	 statistically	 significant	differences	were	 found	between	 the	 control	 and	 the	

RST-treated	groups.	

	

	 These	observations	were	supported	by	Ki67	fluorescent	immunohistochemistry,	

as	proliferation	rates	in	the	controls	and	prenatally	RST-exposed	rat	brains	were	in	the	

same	range	(Figure	8).	Analyses	of	immunohistochemical	data	found	roughly	the	same	

incidence	 of	 Ki67-immunopositive	 cells	 among	 the	 DAPI-labeled	 cell	 nuclei	 for	 both	
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control	 and	 prenatally	 RST-treated	 rats.	 Out	 of	 a	 total	 of	 4,268	 cells	 analyzed	 from	

controls	 and	 3,557	 cells	 analyzed	 from	 RST-treated	 newborns,	 554	 (12.9%)	 and	 448	

(12.5	%)	cells	were	Ki67-positive,	respectively.	

	

Figure	8.	Ki67	immunohistochemistry	of	the	hippocampus	in	control	and	prenatally	RST-
exposed	newborn	rats.	The	expression	of	Ki67	protein	in	tissue	areas	was	quantified	by	

determining	the	percentage	of	Ki67-positive	nuclei	(red)	over	the	total	number	of	nuclei	

(positive	 and	 negative	 nuclei).	 Immunohistochemical	 data	 analysis	 detected	 highly	

similar	incidences	for	Ki67-immunopositive	cells	(B,	E)	among	the	DAPI	dye-labeled	cell	
nuclei	 (blue;	A,	D),	 both	 for	 the	 controls	 (12.9%)	and	 the	prenatally	RST-treated	 rats	
(12.5%).	Merged	pictures	(C,	F)	are	shown.	Scale	bar	for	all	in	(F):	50	µm.	
	

4.3.	In	utero	RST	exposure	alters	histone	methylation	patterns	in	the	newborn	

brain	

Several	antibodies	that	recognize	different	methylation	sites	for	H2A,	H2B,	H3,	and	H4	

histones	were	used	in	western	blotting	experiments	(Table	2).	We	found	that	prenatal	

RST	treatment	induced	a	general,	nonsignificant	increase	in	H2AK118me1,	H2BK5me1,	

H3,	 H3K9me3,	 H3K27me3,	 H3K36me2,	 H4,	 H4K20me2,	 and	 H4K20me3	 levels,	 to	

101.0%–111.7%	of	the	control	levels	(Figure	9).	However,	the	levels	of	histone	H3	mono-	

and	 tri-methylation	 at	 Lys	 4	 (H3K4me1	 and	 H3K4me3)	 were	 significantly	 elevated	

(134.3%	±	1.6%	and	127.8%	±	8.5%,	respectively)	when	compared	to	the	control	values.	

These	modifications	are	known	to	play	roles	in	transcription	activation.	
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Figure	9.	Quantitative	western	blot	analyses	of	histone	methylation	patterns	in	newborn	
rat	 brains.	 (A)	 The	 protein	 content	 from	 vehicle-treated	 controls	 and	 RST-treated	
newborns	was	determined	and	assayed	by	western	blotting.	Gel-loaded	protein	samples	

were	 separated	 by	 gel	 electrophoresis,	 transferred	 to	 nitrocellulose	 membranes	 and	

assayed	 for	 immunoreactivity	 using	 antibodies	 that	 recognize	 different	 histone	

methylations.	Grayscale	digital	images	of	the	immunoblots	were	scanned	and	processed	

at	identical	settings	to	allow	comparisons	to	be	made	between	western	blots	obtained	

from	 different	 samples.	 Integrated	 optical	 density	 values	 were	 calculated	 as	 the	

percentage	 of	 vehicle-treated	 control	 values	 that	 had	 been	 normalized	 to	 the	 GAPDH	

internal	standards.	Prenatal	RST	exposure	induced	a	general	increase	in	Lys	methylated	

sites	 of	 several	 histone	 proteins.	 A	 quantitative	 analysis	 showed	 that	 the	 histone	 H3	

mono-	 and	 tri-methylation	 at	 Lys	4	 (H3K4me1	and	H3K4me3)	 increased	 significantly	

(134.3%	 and	 127.8%	 of	 vehicle-treated	 controls,	 respectively).	 (B)	 Representative	
western	blot	images	of	immunoreactivity	toward	antibodies	specific	to	methylation	sites	

and	 states,	 together	 with	 the	 GAPDH	 immunoreactive	 bands	 that	 served	 as	 inner	

standards.	 Data	 were	 analyzed	 using	 the	 Mann–Whitney	 rank	 sum	 test.	 Values	 are	

presented	as	the	mean	±	SEM,	where	p	<	0.05	is	considered	significant.	*p	<	0.03.	
	

	

	



29 
 

4.4.	The	increase	in	H3K4me1	and	H3K4me3	is	localized	mainly	to	neuronal	cell	

nuclei	

Cell-specific	 markers	 were	 used	 to	 localize	 the	 increased	 H3K4me1-	 and	 -me3-

immunopositivities	within	the	newborn	brain.	Most	of	the	fluorescent	immunoreactivity	

for	these	methylation	marks	was	detected	in	NeuN-immunopositive	neuronal	cell	nuclei,	

which	constitute	the	vast	majority	of	the	tissue	parenchyma	at	this	time	of	postembryonic	

development	(Figures	10–12).	

	

	

Figure	10.	Colocalization	of	H3K4	methylation	patterns	and	NeuN	immunoreactivity	in	
neurons	of	 the	newborn	brain.	DAPI-labeled	cell	nuclei	are	shown	 in	blue	(A,	E,	I,	M).	
Immunoreactivity	of	the	neuron-specific	marker	NeuN	(B,	F,	J,	N;	shown	here	in	green)	
and	 the	 histone	 methylation	 markers	 H3K4me1	 and	 H3K4me3	 (C,	 G	 and	 K,	 O,	
respectively;	shown	here	in	red)	were	colocalized	in	merged	images	(D,	H,	L,	P).	These	
immunohistochemical	data	were	consistent	with	the	results	of	western	analyses	as	the	

immunofluorescent	signal	is	more	intensive	on	the	sections	from	RST-exposed	newborns	

(E–H;	M–P)	compared	to	controls	(A–D;	I–L).	Scale	bar	for	all	in	(P):	75	μm.	
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Figure	 11.	 Laser	 confocal	 microscopy	 images	 of	 H3K4me1	 and	 H3K4me3	
immunoreactivities	in	neuronal	nuclei.	Paraffin	sections	of	brains	from	control	(A–D;	I–
L)	 and	RST-treated	newborn	 rats	 (E–H;	M–P)	were	 immunostained	 for	NeuN	 (shown	
here	in	green)	and	H3K4me1	or	H3K4me3	(shown	here	in	red)	and	visualized	by	confocal	

microscopy.	 Cell	 nuclei	 were	 labeled	 with	 DAPI	 (blue).	 Note	 the	 overwhelmingly	

neuronal	localization	of	the	histone	methylation	marks.	Some	non-neuronal	cells,	notably	

in	panel	(K)	(arrows),	also	display	H3K4me3	marks.	Scale	bar	for	all	in	(P):	20	μm.	
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Figure	 12.	 Laser	 confocal	 microscopy	 images	 of	 H3K4me1	 and	 H3K4me3	
immunoreactivities	enlarged	to	neuronal	nuclei.	Immunostainings	were	performed	both	

in	paraffin	sections	of	brains	from	control	(A–D;	I–L)	and	RST-treated	newborn	rats	(E–
H;	M–P).	Co-immunostaining	with	NeuN	(green)	and	H3K4me1	(red)	or	H3K4me3	(red),	
respectively.	 Staining	 with	 DAPI	 (blue)	 was	 used	 to	 visualize	 cell	 nuclei.	 As	 regards	

distribution,	H3K4me1/me3	immunoreactivity	was	localized	to	transcriptionally	active	

euchromatin	that	was	not	overlapping	with	DAPI-labeled	heterochromatin.	Scale	bar	in	

(P):	5	μm.	
	

	 Interestingly,	besides	neurons,	few	Iba1-positive	microglia	(Figures	13	and	14)	

and	GFAP-positive	astrocytes	(Figure	15)	exhibited	increased	H3K4me1and	H3K4me3	

immunopositive	signals,	although	the	numbers	of	these	cells	in	the	neonatal	brain	were	

negligible.	 These	 glial	 cells,	 especially	 microglia,	 display	 smaller	 nuclei	 with	 more	

compact	 chromatin,	 and	 they	 are	 smaller	 than	 the	neurons	 in	 the	newborn	 rat	 brain.	

Hardly	 any	 CNPase-positive	 oligodendrocytes	 were	 detected	 (data	 not	 shown),	 as	

myelogenesis	occurs	mainly	postnatally.	
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Figure	13.	Colocalization	of	H3K4	methylation	patterns	and	Iba1	immunoreactivity	 in	
microglial	cells	of	the	newborn	rat	brain.	At	birth,	the	majority	of	the	cells	are	neurons.	

Microglia	 are	 unevenly	 distributed	 and	 located	 in	 specific	 “hotspots”	 such	 as	 the	

ventricular	 zone.	 Due	 to	 their	 overwhelmingly	 neuronal	 localization,	 H3K4me1	 and	

H3K4me3	immunoreactivities	(shown	here	in	red)	are	more	intensive	on	the	sections	cut	

from	RST-treated	newborn	brain	tissue	(E–H;	M–P)	as	compared	to	control	newborns	
(A–D;	 I–L).	A	 few	H3K4	methylated	 cell	 nuclei	 formed	part	of	 Iba1-positive	microglia	
(shown	here	in	green).	DAPI-labeled	nuclei	are	shown	in	blue	(A,	E,	I,	M).	Scale	bar	for	all	
in	(P):	75	μm.	
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Figure	 14.	 Laser	 confocal	 microscopy	 images	 of	 H3K4me1	 and	 H3K4me3	
immunoreactivities	 in	microglial	nuclei.	Newborn	brain	 sections	of	 control	 (A–D)	 and	
RST-treated	 rats	 (E–H)	 were	 immunostained	 for	 Iba1	 (green)	 and	 H3K4me1	 and	
H3K4me3	(red),	and	visualized	by	confocal	microscopy.	DAPI-labeled	cell	nuclei	are	blue.	

Note	 the	very	 few	microglia	 that	colocalize	with	the	histone	methylation	marks	 in	 the	

merged	pictures.	Scale	bar	for	all	in	(H):	20	μm.	

	

	

Figure	15.	Double	immunofluorescence	staining	for	H3K4me1	and	H3K4me3	in	GFAP-
positive	astrocytes	in	the	cortex.	In	the	neonatal	rat	brain	GFAP-positive	cells	(green;	B,	
F,	J,	N)	are	unevenly	distributed.	DAPI-labeled	cell	nuclei	are	shown	in	blue	(A,	E,	I,	M),	
and	H3K4me1	and	H3K4me3	marks	are	shown	in	red.	Scale	bar	for	all	in	(P):	50	μm.	
	

5.	DISCUSSION	

	

Although	 limited	 data	 exist	 on	 the	 effect	 of	 statins	 in	 pregnancy,	 there	 is	 no	 specific	

pattern	of	congenital	anomalies	associated	with	statin	use	(Morton	and	Thangaratinam,	

2013).	Exposure	to	lipophilic	statins	is	hypothesized	to	be	of	greater	risk	to	the	fetus	than	

hydrophilic	 statins,	 because	 of	 their	 greater	 ability	 to	 reach	 the	 fetus	 in	 larger	
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concentrations	as	a	 result	of	placental	 transport	 (Lecarpentier	et	al.,	2012).	As	RST	 is	

relatively	hydrophilic,	its	transplacental	passage	is	probably	reduced;	nevertheless,	data	

are	only	sparsely	available	on	 the	 transplacental	 transport	 (Lecarpentier	et	al.,	2012).	

The	 risk	 of	 major	 congenital	 abnormalities	 from	 exposure	 to	 statins	 in	 pregnancy	 is	

similar	to	the	background	risk	of	the	population	and	no	specific	pattern	of	abnormalities	

was	 observed	 in	 existing	 studies	 (Morton	 and	 Thangaratinam,	 2013).	 The	 paucity	 of	

information	is	due	to	the	fact	that	findings	were	limited	by	the	poor	quality	and	reporting	

of	existing	studies.	Consequently,	in	a	prospective,	observational	cohort	study,	Taguchi	et	

al.	 (2008)	 found	 no	 evidence	 of	 major	 malformations,	 spontaneous	 or	 therapeutic	

abortions,	 or	 stillbirths,	 but	 noted	 a	 younger	 gestational	 age	 at	 birth	 and	 lower	 birth	

weight	for	patients	using	RST.	

Animal	 models	 have	 provided	 some	 evidence	 for	 the	 teratogenic	 effects	 of	

lipophilic	statins	on	pregnancy	outcomes,	including	decreased	fetal	body	weight,	survival	

rate,	and	unusual	neonatal	development	(Emami	et	al.	2013).	Some	malformations	were	

reported	in	fetuses	after	pregnant	mothers	were	exposed	to	lipophilic	statins	(such	as	

simvastatin,	 lovastatin,	 atorvastatin,	 cerivastatin,	 and	 fluvastatin)	 compared	 to	

hydrophilic	 statins	 (pravastatin	 and	 RST)	 (Lecarpentier	 et	 al.,	 2012;	 Morton	 and	

Thangaratinam,	 2013).	 For	 example,	Beverly	 et	 al.	 (2019)	demonstrated	 that	 in	 utero	

exposure	 to	 simvastatin	 reduced	 offspring	 viability	 and	 permanently	 disrupted	

reproductive	tract	development	 in	males.	Dostal	et	al.	 (1994)	reported	developmental	

toxicity	at	maternally	toxic	doses	of	atorvastatin	in	rats	and	rabbits,	but	no	evidence	of	

teratogenicity.	Neither	the	rat	nor	the	rabbit	showed	significant	differences	between	the	

control	and	treated	groups	in	the	incidence	of	 fetal	 loss,	 in	utero	growth	or	congenital	

malformations	when	used	at	doses	potentially	toxic	for	the	dam.	Despite	this,	the	results	

of	Henck	et	al.	 (1998),	 in	contrast,	 indicated	 that	pre-	and	postnatal	administration	of	

atorvastatin	to	female	rats	produced	developmental	toxicity	in	their	offspring	via	in	utero	

and/or	lactational	exposure,	either	in	the	presence	or	absence	of	maternal	toxicity.	

About	half	of	all	pregnancies	are	unplanned	(Koren	et	al.,	1998),	with	concomitant	

chances	of	exposure	to	statins.	The	risk	to	the	fetus	needs	to	be	weighed	against	the	risk	

to	the	mother.	The	effect	of	prolonged	exposure	of	the	mother	to	a	hypercholesteremic	

environment	 throughout	 pregnancy	 and	 lactation	 on	 her	 cardiovascular	 status	 is	 a	

subject	of	concern	(Morton	and	Thangaratinam,	2013).	Occasionally,	studies	have	also	

reported	beneficial	 effects	 from	 statin	use.	 For	 example,	 increasing	 evidence	 suggests	
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that	hypercholesterolemia	during	pregnancy	initiates	pathogenic	events	in	the	fetus	and,	

thus,	increases	the	risk	of	cardiovascular	disease	in	the	offspring	(Napoli	et	al.,	1997).	In	

such	 cases,	 statin	 use	 during	 pregnancy	 could	 be	 beneficial.	 For	 example,	 Elahi	 et	 al.	

(2008)	 demonstrated	 that	 statin	 treatment	 in	 hypercholesterolemic	 pregnant	 mice	

reduced	 certain	 cardiovascular	 risk	 factors	 in	 their	 offspring.	 Statins	 also	 proved	

beneficial	 in	 preventing	 preeclampsia,	 thus	 ameliorating	 the	 risks	 of	 structural	

abnormalities	to	the	fetus	(Morton	and	Thangaratinam,	2013).	Preeclampsia	is	a	common	

hypertensive	disorder	of	pregnancy	associated	with	quite	large	neonatal	and	maternal	

morbidities	 and	 mortalities.	 Due	 to	 the	 immunomodulatory	 and	 antiinflammatory	

effects,	along	with	other	pleiotropic	actions	on	free	oxygen	radical	formation	and	smooth	

muscle	 cell	 proliferation,	 they	 make	 statins	 highly	 promising	 candidates	 for	 the	

prevention	and	treatment	of	preeclampsia	(Smith	and	Costtantine,	2020).		

Based	 on	 the	 sporadic	 human	 data	 available,	 and	 because	 of	 the	 potential	

teratogenic	in	utero	effects	of	statins	observed	in	initial	animal	experiments	(Henck	et	al.,	

1998;	 Faqi	 et	 al.,	 2012),	 the	 use	 of	 statins	 in	 human	 pregnancy	 is	 currently	 not	

recommended	primarily	as	a	precaution.	A	reconsideration	of	the	use	of	statins	in	high-

risk	mothers,	therefore,	seems	to	be	required,	but	this	remains	controversial.	Bearing	this	

in	mind,	we	therefore	restricted	the	use	of	statin	to	the	second	half	of	pregnancy.	

Mammalian	 embryonic	 development	 involves	 precise	 molecular	 interactions	

between	intrinsic	factors	such	as	genetics	and	epigenetics,	and	extrinsic	maternal	factors,	

such	as	environmental	perturbations,	drugs,	or	even	maternal	nutrition,	as	nutritional	

components	 could	 influence	 the	 epigenetic	 landscape	 in	 the	 fetus	 and	 hence	

developmental	 processes	 (Li,	 2018).	 Indeed,	 development	 is	 governed	 by	 a	 carefully	

orchestrated	 program	 of	 gene	 expression	 controlled	 by	 both	 genetic	 and	 epigenetic	

factors.	 Numerous	 environmental	 factors	 could	 elicit	 long-term	 consequences	 for	 the	

adult	phenotype	and	they	might	influence	and	promote	adult-onset	diseases.	However,	

the	timing	of	exposure	is	crucial	to	achieve	such	long-lasting	effects	(Li,	2018).	Therefore,	

an	additional	consideration	for	environmental	influences	is	the	developmental	stage	of	

exposure.	 Exposures	 during	 a	 crucial	 time	 of	 development	 can	 alter	 genome	 activity	

associated	 with	 differentiation	 of	 cells	 and	 tissues.	 This	 altered	 program	 and	 gene	

expression	profile	could	then	promote	an	abnormal	physiology	and	disease	in	later	stages	

of	 the	 development	 (Skinner	 et	 al.,	 2010).	 Epigenetic	 regulation	 includes	 both	 long-

lasting	 changes	 in	 gene	 activity	 and	 transient	 changes	 in	 the	 regulation	 of	 gene	
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expression.	Euchromatin	 allows	 transcription	 factors	 to	 interact	with	 gene	promoters	

and	 activate	 lineage-specific	 genes,	 while	 heterochromatin	 remains	 inaccessible	 to	

transcriptional	activation	(Kouzarides,	2007).	Furthermore,	diet	is	now	recognized	as	a	

major	 environmental	 factor	 that	 may	 contribute	 to	 regulate	 physiological	 and	

pathophysiological	aspects	of	homeostasis,	metabolism,	and	gene	expression	(Johnson,	

2017;	Khambadkone	et	al.,	2020).	It	was	therefore	necessary	to	exclude	any	interference	

of	liver	pâté,	the	vehicle	for	RST,	on	epigenetic	mechanisms.	Our	data	ruled	out	potential	

effects	 of	 this	 diet	 supplement	 on	 histone	 methylation	 patterns,	 as	 they	 did	 not	

significantly	 change	 their	 levels	 between	 the	 absolute	 and	 vehicle-treated	 control	

newborn	rat	brains.		

The	 nervous	 system	 comprises	 several	 different	 cell	 types	 that	 are	 defined	 by	

morphology,	function,	anatomical	location,	and	specific	patterns	of	gene	expression.	The	

determination	of	these	complex	and	highly	regulated	cell	fates	requires	the	spatial	and	

temporal	coordination	of	transcription	in	the	proper	order,	number,	and	location.	During	

development,	differentiated	cell	types	are	generated	from	dividing	progenitor/precursor	

cells	(Kilpatrick	et	al.,	1995).	During	lineage	commitment,	cells	sustain	cascades	of	gene	

activation	and	repression	to	generate	specific	cell	types	that	execute	highly	specialized	

functions.	 Differentiation	 is	 associated	 with	 pronounced	 changes	 in	 patterns	 of	 gene	

expression,	cell	morphology	and	function.	In	the	developing	mammalian	brain,	neurons	

are	 generated	 first,	 followed	 by	 the	 supporting	 glia.	 Lineage	 studies	 indicate	 that	 the	

developing	 brain	 contains	 multipotent	 progenitor	 cells	 capable	 of	 generating	 both	

neurons	and	glia,	namely	astrocytes	and	oligodendrocytes,	and	that	cell	fate	restriction	

may	be	 a	 consequence	 of	 a	 series	 of	 gene	 expression	 events	 and	 extracellular	 signals	

acting	 on	 multipotent	 progenitors	 (Morrow	 et	 al.,	 2001).	 Hence,	 the	 sequential	

generation	 of	 neuronal	 and	 glial	 cells	 in	 the	 brain	 appears	 to	 be	 regulated	 by	

developmentally	controlled	genetic	mechanisms	and	extracellular	factors	that	can	induce	

a	cell	fate	switch	followed	by	terminal	differentiation	(Morrow	et	al.,	2001).	As	Figure	16	

shows,	neurogenesis	begins	at	embryonic	day	(E)12,	peaks	at	E14,	and	decreases	by	E17	

in	rats	(Sauvageot	and	Stiles,	2002).	On	postnatal	day	1,	the	newborn	rat	brain	is	a	tissue	

populated	mostly	by	neurons	that	are	complemented	gradually	with	non-neuronal	cells.	

Bandeira	et	al.	(2009)	reported	that	over	90%	of	the	cells	were	neurons	at	this	stage,	and	

only	 about	 6%	 of	 the	 cells	 had	 non-neuronal	 phenotypes.	 They	 also	 showed	 that	 the	
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neuronal	population	initially	present	at	birth	was	further	reduced	by	apoptosis	and	that	

the	number	of	non-neuronal,	mostly	glial	cells	increased.	

Neurons	and	glial	cells	worked	together	to	achieve	proper	neuronal	development	

and	normal	brain	function.	Glial	cells	actively	direct	CNS	development	in	various	ways.	

Glia	are	essential	for	brain	function	during	development	and	in	the	adult	brain	as	well	

(Reemst	 et	 al.,	 2016;	 Lago-Baldaia	 et	 al.,	 2020).	 The	 main	 glial	 subsets	 in	 CNS	 are	

microglia,	 astrocytes	 and	 oligodendrocytes.	 These	 cells	 are	 actively	 involved	 in	many	

aspects	 of	 the	 nervous	 system,	 hence	 due	 to	 their	 important	 roles	 in	 developmental	

processes,	 dysfunction	 of	 glial	 cells	 during	 brain	 development	 might	 contribute	 to	

neurodevelopmental	disorders	and	potentially	even	late-onset	neuropathology	(Reemst	

et	al.,	2016).	The	generation	of	astrocytes	and	oligodendrocytes	occurs	in	a	temporally	

distinct,	yet	overlapping,	pattern.	Astrocytes	arise	during	 later	embryonic	 life	 (Figure	

16).	They	originate	from	the	neural	lineage	and	they	are	mainly	produced	during	the	final	

stages	of	neurogenesis.	In	mice,	astrogenesis	starts	around	embryonic	age	18	(E18)	and	

lasts	at	least	until	approximately	postnatal	day	7	(Reemst	et	al.,	2016);	nevertheless,	the	

cells	can	use	their	mitotic	potential	and	differentiate	when	needed.	Oligodendrocytes	are	

responsible	for	myelination	of	axons	thereby	contribute	to	white	matter	development.	

Although	oligodendrocytogenesis	peaks	at	postnatal	day	14,	oligodendrocyte	precursors	

appear	 somewhat	 earlier	 (Sauvageot	 and	 Stiles,	 2002).	 During	 development,	

oligodendrocyte	 precursor	 cells	 are	 generated	 in	 multiple	 waves,	 originating	 from	

distinct	brain	regions	(van	Tilborg	et	al.,	2018).	

Microglia,	the	resident	immune	cells	of	the	CNS,	are	derived	from	macrophage-like	

cells	of	mesodermal	origin	(Prinz	and	Priller,	2014).	These	cells	infiltrate	the	brain	in	the	

early	 stages	 of	 embryonic	 development	 and	 develop	 side	 by	 side	 with	 the	 neurons	

(Figure	16).	Microglial	cells	are	the	first	“glial”	cells	observed	in	the	brain,	during	the	

critical	period	of	early	brain	development,	when	the	first	wave	of	synaptogenesis	occurs	

(Reemst	et	al.,	2016).	In	mice,	the	first	microglia	progenitors	are	detected	in	the	brain	

around	embryonic	age	E9	(Ginhoux	et	al.,	2010).	

Recently,	 Matcovitch-Natan	 et	 al.	 (2016)	 identified	 a	 stepwise	 developmental	

program	of	microglia	in	synchrony	with	the	developing	brain.	They	found	that	a	subset	

of	the	genes	that	were	expressed	at	the	pre-microglia	stage	(from	embryonic	day	14	to	a	

few	days	after	birth)	was	related	to	the	neuronal	migration,	neurogenesis,	and	cytokine	

secretion.	This	is	the	phase	when	microglia	adopt	a	role	in	synaptic	pruning	and	neuronal	
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maturation.	Perturbation	of	the	microglial	environment	during	development	may	alter	

the	 strict	 timing	 of	 developmental	 programs,	 lead	 to	 misplaced	 expression,	 disrupt	

neuronal	development,	and	cause	brain	disorders	at	later	stages	in	life	(Matcovich-Natan	

et	 al.,	 2016).	 As	we	 recently	 demonstrated,	 cellular	 abundancy	 in	 the	 newborn	 brain	

tissue	 is	also	reflected	 in	 the	cellular	composition	of	 the	primary	cultures	 from	which	

subsequent	cultures	are	made	(Dulka	et	al.,	2021).		

	

	

Figure	 16.	 Timeline	 of	 developmental	 processes	 in	 the	 developing	 rodent	 brain.	
Triangles	indicate	the	onset	and	peaks	of	the	given	developmental	processes	(adapted	

from	Reemst	et	al.,	2016).	

	

We	 did	 not	 find	 any	 signs	 of	 RST	 histotoxicity	 or	 changes	 in	 the	 cellular	

compositions	of	newborn	brains	through	light	microscopy.	This	supports	the	opinion	that	

the	use	of	statins	in	pregnancy	poses	no	risks	of	developing	fetal	CNS	abnormalities.	It	

should	be	added	that	most	of	the	histone	methylation	marks	we	detected	in	this	study	

were	 localized	 to	neurons,	 and	 to	a	much	smaller	extent,	 to	microglia.	Astrocytes	and	

oligodendrocytes	 develop	 and	 populate	 the	 newborn	 brain	 at	 later	 stages	 of	

development.	

The	 dysregulation	 of	 chromatin	 decreases	 viability	 and	 physiological	 cell	

functions	and	leads	to	various	neurodevelopmental	and	psychiatric	diseases	(Shen	et	al.,	

2014).	Our	intention	was	to	assess	the	changes	of	PTMs	of	the	chromatin	in	the	brains	of	

the	newborn	rats	whose	mothers	had	been	treated	with	RST;	specifically,	we	narrowed	

our	 attention	 to	 histone	 methylation.	 During	 embryonal	 development,	 the	 histone	

methylation	 landscape	of	 the	brain	cells	 is	sensitive	 to	a	wide	range	of	environmental	

cues.	Alterations	in	histone	methylation	have	recently	been	linked	not	only	to	a	number	

of	 neurological	 and	 psychiatric	 disorders	 but	 also	 to	 proper	 brain	 development	 and	

function	(Akbarian	and	Huang,	2009;	Peter	and	Akbarian,	2011).	
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In	this	study,	we	focused	on	methylations	of	the	Lys	(K)	residues	of	the	four	core	

histones.	 A	 recent	 study	 on	 the	 epigenetic	 silencing	 of	 inflammation-related	 genes	

demonstrated	 that	 repressive	 histone	 marks	 (e.g.,	 H3K27me3)	 correlated	 with	 a	

silencing	 of	 their	 expression	 (Maleszewska	 et	 al.,	 2021).	 Similar	 to	 H3K27,	 the	

methylation	 of	 H3K9	 was	 shown	 to	 be	 involved	 in	 heterochromatin	 formation	 and	

transcriptional	 silencing	 (Bannister	 et	 al.,	 2001).	 H3K9me3	 is	 a	 typical	 mark	 of	

constitutive	 heterochromatin,	 while	 H3K27me3	 is	 usually	 enriched	 in	 facultative	

heterochromatin	 (Saksouk	 et	 al.,	 2015).	 H3K9me3	 modification	 is	 associated	 with	

changes	in	gene	transcription	by	alterations	to	the	chromatin	structure.	Another	distinct	

feature	of	heterochromatin	is	a	strong	enrichment	of	H4K20me2/3;	in	fact,	H3K9me3	is	

required	 for	 the	 induction	 of	 H4K20me2/3	 (Saksouk	 et	 al.,	 2015).	 Hence,	 the	H4K20	

histone	methyl	mark	is	associated	with	gene	repression	(Vermeulen	et	al.,	2010).	Besides	

H3	and	H4,	there	are	only	a	few	known	methylation	marks	in	H2A	and	H2B;	for	instance,	

Barski	et	al.	(2007)	reported	that	H2BK5me1	is	an	activation	mark	associated	with	the	

active	promoters	downstream	of	transcription	start	sites.	Interestingly,	to	the	best	of	our	

knowledge,	no	data	are	available	on	the	Lys	methylation	of	H2A,	especially	for	H2AK118.	

Taken	together,	these	examples	suggest	that	even	closely	related	histone	Lys	methylation	

markings	are	potentially	associated	with	contrasting	chromatin	states.	

Other	 methylation	 sites	 are	 also	 known	 to	 be	 strong	 epigenetic	 marks.	 The	

methylation	of	histone	H3	Lys	36	(H3K36)	plays	an	important	role	in	the	partitioning	of	

chromatin	into	distinct	domains,	as	well	as	in	the	regulation	of	a	wide	range	of	biological	

processes	and	it	is	also	implicated	in	the	repair	of	double-strand	DNA	breaks	(Li	et	al.,	

2019;	 Sun	 et	 al.,	 2020).	H3K36me2	 regulates	 the	distribution	of	H3K27me3	 (Li	 et	 al.,	

2019),	a	characteristic	of	heterochromatin.	Interestingly,	H3K36	sites	correlate	positively	

with	 gene	 expression	 similar	 to	 H3K4me1/3	 methylation.	 H3K4me1	 and	 H3K4me3	

marks,	 commonly	 located	 in	euchromatin,	 are	broadly	associated	with	 transcriptional	

regulation	and	the	epigenetic	tagging	of	promoters	and	enhancer	sequences,	and	they	are	

known	to	allow	the	DNA	to	adopt	a	more	“open”	conformation	and	recruit	chromatin-

modifying	factors	(Barski	et	al.,	2007).	H3K4	methylation	has	been	observed	in	genes	that	

are	 important	 for	 the	 regulation	 of	 cell	 differentiation,	 proliferation,	 and	 apoptosis	

(Batista	 and	Helguero,	 2018);	 for	 example,	 homeobox	 genes,	 known	 for	 their	 roles	 in	

embryonic	development,	are	regulated	by	H3K4	methylation	(Malik	and	Bhaumik,	2010).	

H3K4me3	 is	 almost	 always	 associated	 with	 RNA	 polymerase	 II	 occupancy	 of	 the	
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promoters	 at	 the	 sites	 of	 active	 gene	 expression	 (Guenther	 et	 al.,	 2005).	 The	 proper	

regulation	of	H3K4	methylation	is	pivotal	for	healthy	brain	development,	as	mutations	

associated	 with	 the	 loss	 and	 gain	 of	 H3K4	 methylation	 could	 potentially	 result	 in	

intellectual	 disability,	 autism,	microcephaly,	 seizure	 disorders,	 and	 other	 neurological	

diseases	in	early	childhood	(Shen	et	al.,	2014).	Perhaps	this	epigenetic	mark	is	involved	

more	broadly	in	the	pathophysiology	of	some	neurodevelopmental	disorders,	as	multiple	

regulators	of	H3K4	methylation	are	associated	with	neurodevelopmental	diseases	(Jones	

et	 al.,	 2012;	Najmabadi	 et	 al.,	 2011).	 Consequently,	 there	 is	 further	 evidence	 that	 the	

epigenetic	 fine-tuning	of	 the	H3K4	methyl	markings	 in	 the	brain	 is	crucial	 for	orderly	

neurodevelopment.	 There	 can	be	 little	 doubt	 that	 the	H3K4	methylation	 landscape	of	

brain	cells	is	sensitive	to	a	wide	range	of	environmental	perturbations	(Shen	et	al.,	2014);	

indeed,	 the	 H3K4me3	 mark	 undergoes	 global	 and	 gene-specific	 alterations	 in	 the	

hippocampus	of	fear-conditioned	animals.	Gupta	et	al.	(2010)	found	that	H3K4me3	was	

upregulated	in	the	rat	hippocampus	1	h	after	contextual	fear	conditioning	and	that	this	

increase	was	reversible.	Furthermore,	the	activation	of	the	maternal	immune	system	by	

the	viral	RNA	mimic	polyriboinosinic-polyribocytidilic	 acid,	which	 leads	 to	behavioral	

deficits	 in	 the	 adult	 offspring,	 could	 result	 in	 robust	 but	 transient	 changes	 in	 H3K4	

methylation	at	the	genes	encoding	cytokines	and	other	signaling	molecules	in	the	fetal	

brain	 (Connor	 et	 al.,	 2012).	 Prenatal	 exposure	 to	 the	 alkylating	 and	 antimitotic	 agent	

methylazoxymethanol,	which	leads	to	several	anatomical	and	behavioral	abnormalities	

in	 adulthood	 similar	 to	 those	 observed	 in	 patients	 with	 schizophrenia,	 resulted	 in	

decreased	H3K4	methylation	in	the	adult	prefrontal	cortex	(Maćkowiak	et	al.	2014).	Loss-

of-function	mutations	in	a	H3K4	demethylase	have	been	linked	to	mental	retardation	and	

autism	spectrum	disorders	(Peter	and	Akbarian,	2011),	while	a	H3K4	methyltransferase	

mutation	shows	distinct	abnormalities	in	hippocampal	plasticity	and	signaling	(Kim	et	

al.,	 2007).	Multiple	methyltransferases	 and	 demethylases	were	 recently	 implicated	 in	

neurodevelopment	 and	 major	 psychiatric	 diseases,	 and	 these	 types	 of	 chromatin-

modifying	 enzymes	 could	 emerge	 as	 novel	 targets	 for	 the	 treatment	 of	 mood	 and	

psychosis	 spectrum	 disorders	 (Peter	 and	 Akbarian,	 2011).	 Interestingly,	 statins,	 in	

general,	did	not	directly	inhibit	the	activity	of	the	major	epigenetic	modifying	enzymes,	

such	as	“writers”	or	“readers”	(Bridgeman	et	al.,	2019).	

	The	examples	given	above	further	illustrate	the	complex	regulation	of	histone	Lys	

methylation.	These	epigenetic	modifications,	especially	in	the	case	of	the	histone	H3,	are	
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involved	in	a	wide	range	of	biological	processes,	including	the	activation	and	repression	

of	 transcription;	 nevertheless,	 one	 methyl	 mark	 by	 itself	 might	 still	 have	 a	 limited	

biological	 message	 (Trojer	 and	 Reinberg,	 2006;	 Kimura,	 2013).	 As	 discussed	 above,	

H3K4me	 is	 a	 mark	 that,	 on	 a	 genome-wide	 scale,	 is	 associated	 broadly	 with	

transcriptional	activation	and	the	epigenetic	tagging	of	promoters	and	enhancers	(Barski	

et	 al.,	 2007).	 As	 multiple	 regulators	 of	 H3K4	 methylation	 are	 associated	 with	

neurodevelopmental	 disease,	 and	 H3K4	 methylation	 is	 subject	 to	 dynamic	 changes	

during	the	extended	period	of	development	and	maturation	of	the	brain,	it	might	be	that	

this	 epigenetic	 mark	 is	 more	 broadly	 involved	 in	 the	 pathophysiology	 of	 some	 CNS	

abnormalities	(Shen	et	al.,	2014).	

The	present	study	showed	that	prenatal	RST	administration	from	embryonic	day	

11	 led	 to	 regulation	 of	 the	 methylation	 processes	 at	 K4	 of	 histone	 H3	 during	 CNS	

development.	RST	selectively	affected	methylated	forms	of	H3K4,	namely	it	increased	the	

levels	of	both	 the	mono-	and	 trimethylated	 forms	of	H3K4	 in	 the	newborn	brain.	The	

epigenetic	changes	elicited	by	RST	are	not	good	or	bad	unless	definitely	proven	either	

way.	Although	there	are	no	such	data	available	yet	on	humans,	these	data	could	contain	

a	message.	Prenatal	statin	therapies,	should	be	used	with	caution	and	warrant	further	

investigation	until	a	clearest	picture	of	their	precise	effects	on	the	epigenetic	spectrum	

emerges.	

	

6.	CONCLUSION	

In	this	study,	we	provided	evidence	that	in	newborn	rat	brains	prenatal	exposure	to	RST	

alters	 the	methylation	 landscape	 in	general,	 and	 the	H3K4me1	and	H3K4me3	histone	

modifications	 in	 particular,	 in	 newborn	 rat	 brains.	 We	 did	 not	 find	 any	 histological	

structural	alteration	in	newborn	brains	that	could	be	related	to	RST	treatment.	However,	

we	 found	 that	RST	significantly	elevated	 the	 levels	of	H3K4me1	and	H3K4me3	marks	

compared	to	the	controls.	The	elevation	of	these	methylation	marks	was	most	dominant	

in	neurons	after	RST	treatment.	As	statins,	in	general,	did	not	directly	inhibit	the	activity	

of	the	major	epigenetic	modifying	enzymes,	it	remains	to	be	determined	in	future	studies	

whether	 the	 changes	 observed	 in	 the	 H3K4	 methylation	 patterns:	 (1)	 are	 linked	 to	

specific	loci	or	are	genome-wide,	(2)	reflect	an	adaptive	or	maladaptive	response	to	RST,	

or	 (3)	 represent	 the	 outcomes	 of	 secondary	 or	 tertiary	 processes	 in	 response	 to	RST	
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treatment.	 The	 identification	 of	 the	 genomic	 sequences	 involved	 in	 the	 control	 of	 the	

embryonic	development	of	offspring	whose	mothers	had	been	treated	with	RST	remains	

a	 formidable	 challenge.	 The	 epigenetic	 changes	 elicited	 by	 RST	 are	 possibilities	 that	

should	be	taken	on	board.	Although	there	are	no	such	data	available	yet	on	humans,	our	

data	could	provide	an	adverse	message.		

We	 think	 that	 changes	 in	 histone	marks,	more	 precisely	 the	 elevated	 levels	 of	

H3K4me1/me3	 may	 be	 responsible	 for	 weakening	 heterochromatin	 structure	 and	

inducing	a	"relaxed"	state	of	chromatin	in	the	developing	brain	cells.	This	might	allow	

heterochromatinization	 of	 new	 genomic	 loci,	 and	 perhaps	 lead	 to	 or	 reflect	 a	 new	

program	of	gene	expression.	The	precise	mechanisms	underlying	this	process	requires	

further	study.	

	

7.	THE	MAIN	FINDINGS	OF	THE	STUDY	

	

1) We	demonstrated	that	RST	induced	molecular	epigenetic	events	in	the	brains	of	

newborn	rats	when	pregnant	mothers	were	treated	daily	with	oral	RST	from	the	

11th	day	of	pregnancy	for	10	days	(or	until	delivery);	

2) By	analyzing	cell-type-specific	markers	in	the	newborn	brains	we	demonstrated	

that	prenatal	RST	administration	did	not	affect	the	light	microscopic	

cytoarchitecture	and	cell	type	ratios	of	the	nervous	tissue	as	compared	to	the	

controls;	

3) We	found	that	prenatal	RST	administration	induced	a	general,	nonsignificant	

increase	in	H2AK118me1,	H2BK5me1,	H3,	H3K9me3,	H3K27me3,	H3K36me2,	H4,	

H4K20me2,	and	H4K20me3	levels,	as	compared	to	the	controls;	

4) We	found	that	significant	changes	were	detected	in	the	number	of	H3K4me1	and	

H3K4me3	sites	(134.3%	±	19.2%	and	127.8%	±	8.5%	of	the	controls,	

respectively),	which	are	generally	recognized	as	transcriptional	activators;	

5) Using	fluorescent/confocal	immunohistochemistry	for	cell-type-specific	markers	

and	histone	methylation	marks	on	tissue	sections,	we	demonstrated	that	most	of	

the	increase	at	these	sites	belonged	to	neuronal	cell	nuclei;	



43 
 

6) We	concluded	that	prenatal	RST	treatment	induced	epigenetic	changes	that	might	

affect	neuronal	differentiation	and	development,	and	such	possibilities	should	be	

taken	into	account	when	human	RST	therapy	is	recommended.	
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Abstract: Rosuvastatin (RST) is primarily used to treat high cholesterol levels. As it has potentially
harmful but not well-documented effects on embryos, RST is contraindicated during pregnancy. To
demonstrate whether RST could induce molecular epigenetic events in the brains of newborn rats,
pregnant mothers were treated daily with oral RST from the 11th day of pregnancy for 10 days (or
until delivery). On postnatal day 1, the brains of the control and RST-treated rats were removed
for Western blot or immunohistochemical analyses. Several antibodies that recognize different
methylation sites for H2A, H2B, H3, and H4 histones were quantified. Analyses of cell-type-specific
markers in the newborn brains demonstrated that prenatal RST administration did not affect the
composition and cell type ratios as compared to the controls. Prenatal RST administration did,
however, induce a general, nonsignificant increase in H2AK118me1, H2BK5me1, H3, H3K9me3,
H3K27me3, H3K36me2, H4, H4K20me2, and H4K20me3 levels, compared to the controls. Moreover,
significant changes were detected in the number of H3K4me1 and H3K4me3 sites (134.3% ± 19.2%
and 127.8% ± 8.5% of the controls, respectively), which are generally recognized as transcriptional
activators. Fluorescent/confocal immunohistochemistry for cell-type-specific markers and histone
methylation marks on tissue sections indicated that most of the increase at these sites belonged
to neuronal cell nuclei. Thus, prenatal RST treatment induces epigenetic changes that could affect
neuronal differentiation and development.

Keywords: epigenetics; H3K4me1; H3K4me3; histone methylation; immunohistochemistry; in utero;
prenatal; rosuvastatin; Western blot

1. Introduction
Statins (3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors)

are a class of lipid-lowering agents used in the treatment of high cholesterol levels [1]. Apart
from the inhibition of cholesterol synthesis, reduction of levels of low-density lipoproteins
and triglycerides, and stimulation of the expression of high-density lipoproteins, they also
strongly modulate the inflammatory cells surrounding atherosclerotic plaques [2,3]. Statins
may also have beneficial effects on the central nervous system (CNS) [4–6]. In vitro [7]
and animal studies [8,9] have demonstrated that statins can attenuate neuroinflammation.
Furthermore, statins have long been known to induce apoptosis in various cancer cell
lines [10,11], and are associated with antitumor properties [12,13].

Besides their beneficial properties, statins also have numerous adverse effects [14]. As
a result of their potentially harmful, but not well documented effects on the embryo, it is
recommended that statin treatment be discontinued three months before attempting to be-
come pregnant and that statins should not be used during pregnancy or breastfeeding [15]
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because of the potential risk of fetal abnormality [16]. Some malformations were reported
in fetuses after pregnant mothers were exposed to lipophilic statins (such as simvastatin,
lovastatin, atorvastatin, cerivastatin, and fluvastatin) as compared to hydrophilic statins
(pravastatin and rosuvastatin (RST)) [17,18]. For example, in a prospective, observational
cohort study, Taguchi et al. [19] found no evidence of major malformations, spontaneous
or therapeutic abortions, or stillbirths, but noted a younger gestational age at birth and
lower birth weights from patients using RST. Animal models provided some evidence for
the teratogenic effects of lipophilic statins on pregnancy outcomes, including decreased
fetal body weight and survival rate, and unusual neonatal development [20–22].

RST, one of the highest-selling prescription drugs on the market (Crestor; AstraZeneca
Pharmaceuticals, LP, Wilmington, DE, USA), exhibits the greatest inhibitory effect on
cholesterol biosynthesis [23], and among the statins, it alters the high-density lipoprotein
profile most favorably [24]. Only small amounts of RST have been shown to pass into
breast milk [25]. In in vitro studies, RST strongly inhibited the expression of certain pro-
inflammatory genes, while concomitantly vigorously stimulating several anti-inflammatory
genes [7]. Its beneficial effects on the expression of inflammasome-related genes in animal
models [26] or humans [27] have also been noted.

Histone modification is one of the main mechanisms of epigenetic modification reg-
ulating gene expression. This modification requires several different histone-modifying
enzymes, including “writers”, which attach modifications to histone tails, “erasers”, which
remove modifications, and “readers”, which recognize these modifications [28–31]. The
N-terminal tails of histones are subject to a number of highly site- and residue-specific
posttranslational modifications, including methylation, acetylation, phosphorylation, ubiq-
uitylation, and SUMOylation, that are implicated in influencing gene expression and
genome function, as they coordinate the recruitment of chromatin remodelers and the tran-
scriptional machinery for transcriptional regulation [32]. Of all the known modifications,
Lys (K) histone methylation has been regarded as a stable chromatin modification that,
together with DNA methylation, defines epigenetic programs [33]. Lys histone methylation
has been linked to transcription initiation and elongation and heterochromatin silencing,
among other mechanisms. Lys methylation marks, such as H3K4 and H3K36, are impli-
cated in the activation of transcription and are linked to open chromatin, while the H3K9,
H3K27, and the H4K20 Lys methylation sites are associated with transcriptional repression,
as is characteristic of condensed chromatin [33,34]. The complexity of the methylation pat-
terns of histone proteins and the methylation state at any given Lys residue (unmethylated,
mono- (me1), di- (me2), or trimethylated (me3)) further influence gene expression.

As recent studies have emphasized the importance of maternal effects on chromatin
structure and the interrelationship between the genome, epigenome, and environment [35,36],
our aim was to investigate whether RST elicited molecular epigenetic events such as histone
methylation in the brains of the newborn rats whose mothers had been treated chronically
with the drug.

2. Results
2.1. Histone Methylation Patterns of Absolute Controls and Vehicle-Treated Controls Did Not
Differ Significantly

When investigating epigenetic events in the newborn brain after the administration
of RST, we assumed that liver pâté, the vehicle used to deliver RST, would not elicit
changes in histone methylation patterns. To reveal such possible effects of the liver pâté,
we assayed H2AK118me1, H2BK5me1, H3, H3K4me1, H3K4me3, H3K9me3, H3K27me3,
H3K36me2, H4, H4K20me2, and H4K20me3 levels using Western blots from absolute
control and vehicle-treated control newborn rat brain samples. Our data showed that liver
pâté, as a nutritional supplement, had no significant effect on the methylation patterns
of these sites (Figure 1). As all vehicle-based controls had values between 93.2% ± 7.7%
and 106.4% ± 10.7% of the absolute controls, with no significant differences among them
across at least five separate experiments, we refer to vehicle-treated controls hereafter
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as merely “controls”, and further data presentation uses the vehicle-based controls as a
reference point.
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Figure 1. Quantitative Western blot analyses of histone methylation patterns in the brains of absolute
control and vehicle-treated newborn rats. Protein contents from the absolute and vehicle-treated
controls were determined and assayed on Western blots. Gel-loaded protein samples were separated
by gel electrophoresis, transferred to nitrocellulose membranes, and assayed for immunoreactivity
with antibodies that recognize core histones and histone methylations. Grayscale digital images
of the immunoblots were scanned and processed under identical settings to allow comparisons
between Western blots from different samples. Values indicate the means ± SEM from at least
5 separate experiments. Integrated optical density data were analyzed by ANOVA using SigmaPlot.
No statistically significant differences were observed between the absolute and vehicle-control
samples. Hence, we refer to vehicle-treated controls hereafter as simply “controls”, and further data
presentation uses the vehicle-based controls as the reference point.

2.2. Prenatal RST Exposure Does Not Affect Cell Composition in the Newborn Brain
RST exposure in utero did not cause structural abnormalities in the newborn brain at the

level of light microscopy as evidenced by H&E staining (Figure 2). Double immunofluorescent
staining for microglial and neuronal cell markers revealed that the ratios of these cells did not
change between the controls and the RST-treated groups (Figure 3). Quantitative Western
blot analysis of cell-specific markers corroborated that prenatal exposure to RST did not
cause abnormalities in cell composition in newborn brains, as the ratios of these cells
did not change significantly between the control and treated groups (Figure 4). These
observations were supported by Ki67 fluorescent immunohistochemistry, as proliferation
rates in both the control and prenatally RST-exposed rat brains were in the same range
(Figure 5). Analyses of the immunohistochemical data detected approximately the same
incidence of Ki67-immunopositive cells among the DAPI-labeled cell nuclei of both control
and prenatally RST-treated rats. Of a total of 4268 cells analyzed from the controls and
3557 cells analyzed from RST-treated newborns, 554 (12.9%) and 448 (12.5%) cells were
Ki67-positive, respectively.
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2.3. In Utero RST Exposure Alters Histone Methylation Patterns in the Newborn Brain
Several antibodies that recognize different methylation sites for the H2A, H2B, H3,

and H4 histones were used in the Western blotting experiments (Table S2). We found
that prenatal RST treatment induced a general, nonsignificant increase in H2AK118me1,
H2BK5me1, H3, H3K9me3, H3K27me3, H3K36me2, H4, H4K20me2, and H4K20me3 levels,
to 101.0%–111.7% of the control levels (Figure 6). However, the levels of H3 histone
mono- and tri-methylation at Lys 4 (H3K4me1 and H3K4me3) were elevated significantly
(134.3% ± 19.2% and 127.8% ± 8.5%, respectively) compared to the control values. These
modifications are known to play roles in transcription activation.
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treated (E–H) newborn brains. Scale bar: 100 µm. 

Figure 2. Histological architecture of the newborn rat brain. No differences were observed in paraffin-
embedded, H&E-stained tissue sections of control (A) and rosuvastatin (RST)-treated newborn
(B) brains by light microscopy. Scale bar: 1 mm.
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Figure 3. Double immunofluorescent staining for Iba1 and NeuN. Microglia were labeled with the anti-Iba1 antibody/Alexa
Fluor 568 goat anti-rabbit IgG complex (red), whereas neurons were detected with the anti-NeuN antibody/Alexa Fluor
488 goat anti-mouse IgG complex (green). Cell nuclei were labeled with DAPI (blue). Representative pictures with
lower (20⇥) magnification show that prenatal exposure to RST did not cause abnormalities in the cytoarchitecture by
light microscopy. The ratio of microglia (B,F) to neurons (C,G) is similar between the control (A–D) and RST-treated
(E–H) newborn brains. Scale bar: 100 µm.



Int. J. Mol. Sci. 2021, 22, 3412 5 of 17Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 19 
 

 

 

Figure 4. Quantitative Western blot analyses of the main cell types from control and RST-treated 

newborn rat brains. Controls (red column) and RST-treated (black column) samples were analyzed 

quantitatively on Western blots for microglial, neuronal, astrocyte, and oligodendrocyte markers. 

Protein samples (15–30 µg) were separated by gel electrophoresis, transferred to nitrocellulose 

membranes, and assayed for reactivity toward the Iba1 (microglia marker), beta III tubulin (neuron-

specific marker), EAAT1 (astrocyte marker), CNPase (oligodendrocyte marker), and GAPDH pro-

teins. Error bars indicate integrated optical density values (means ± SEM from at least 5 separate 

experiments) normalized to the values of the internal standard GAPDH. Representative Western 

blot pictures are shown below the graphs. No statistically significant differences were found be-

tween the control and the RST-treated groups. 

Figure 4. Quantitative Western blot analyses of the main cell types from control and RST-treated
newborn rat brains. Controls (red column) and RST-treated (black column) samples were analyzed
quantitatively on Western blots for microglial, neuronal, astrocyte, and oligodendrocyte markers.
Protein samples (15–30 µg) were separated by gel electrophoresis, transferred to nitrocellulose mem-
branes, and assayed for reactivity toward the Iba1 (microglia marker), beta III tubulin (neuron-specific
marker), EAAT1 (astrocyte marker), CNPase (oligodendrocyte marker), and GAPDH proteins. Error
bars indicate integrated optical density values (means ± SEM from at least 5 separate experiments)
normalized to the values of the internal standard GAPDH. Representative Western blot pictures are
shown below the graphs. No statistically significant differences were found between the control and
the RST-treated groups.
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Figure 5. Ki67 immunohistochemistry of the hippocampus in control and prenatally RST-exposed newborn rats. The
expression of the Ki67 protein in the tissue areas was quantified by the percentage of Ki67-positive nuclei (red) over the total
number of nuclei (positive and negative nuclei). Immunohistochemical data analysis detected highly similar incidences for
Ki67-immunopositive cells (B,E) among the DAPI dye-labeled cell nuclei (blue; A,D) for both the controls (12.9%) and the
prenatally RST-treated rats (12.5%). Merged pictures (C,F) are shown. Scale bar: 50 µm.
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ferent samples. Integrated optical density values were calculated as the percentage of the vehicle-
treated control values that had been normalized to the internal standard GAPDH. Prenatal RST 
exposure induced a general increase in the Lys-methylated sites of several histone proteins. Quan-
titative analysis showed that H3 histone mono- and tri-methylation at Lys 4 (H3K4me1 and 
H3K4me3) increased significantly (134.3% and 127.8% of vehicle-treated controls, respectively). (B) 
Representative Western blot images of immunoreactivity toward antibodies specific to the methyl-
ation sites and states, together with the GAPDH immunoreactive bands that served as the internal 
standards. Data were analyzed with the Mann–Whitney rank–sum test. Values are presented as the 
means ± SEM from at least 5 separate experiments, where p < 0.05 is considered significant. (* p < 
0.05). 
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8). Interestingly, besides neurons, few Iba1-positive microglia (Figures 9 and 10) and 
GFAP-positive astrocytes (Figure 11) exhibited increased H3K4me1and H3K4me3 im-
munopositive signals, although the numbers of these cells in the neonatal brain were neg-
ligible. These glial cells displayed smaller nuclei with more compact chromatin, and they 
were smaller than the neurons in the newborn rat brain. Hardly any CNPase-positive ol-
igodendrocytes were detected (data not shown), as myelogenesis occurs predominantly 
postnatally. 

Figure 6. Quantitative Western blot analyses of histone methylation patterns in newborn rat brains.
(A) Protein contents from the vehicle-treated controls and RST-treated newborns were determined
and assayed by Western blot. Gel-loaded protein samples were separated by gel electrophoresis,
transferred to nitrocellulose membranes, and assayed for immunoreactivity using antibodies that
recognize different histone methylations. Grayscale digital images of the immunoblots were scanned
and processed at identical settings to allow comparisons between Western blots from different sam-
ples. Integrated optical density values were calculated as the percentage of the vehicle-treated control
values that had been normalized to the internal standard GAPDH. Prenatal RST exposure induced a
general increase in the Lys-methylated sites of several histone proteins. Quantitative analysis showed
that H3 histone mono- and tri-methylation at Lys 4 (H3K4me1 and H3K4me3) increased significantly
(134.3% and 127.8% of vehicle-treated controls, respectively). (B) Representative Western blot images
of immunoreactivity toward antibodies specific to the methylation sites and states, together with the
GAPDH immunoreactive bands that served as the internal standards. Data were analyzed with the
Mann–Whitney rank–sum test. Values are presented as the means ± SEM from at least 5 separate
experiments, where p < 0.05 is considered significant. (* p < 0.05).

2.4. The Increase in H3K4me1 and H3K4me3 Is Localized Mainly to Neuronal Cell Nuclei
Cell-specific markers were used to localize the increases in H3K4me1- and -me3-

immunopositivity in the cerebral tissue sections. Most of the immunoreactivity was localized
to NeuN-positive neuronal cell nuclei, which constitute the vast majority of the parenchyma,
and typically displayed the large nuclei of neuronal morphology (Figures 7 and 8). Interest-
ingly, besides neurons, few Iba1-positive microglia (Figures 9 and 10) and GFAP-positive
astrocytes (Figure 11) exhibited increased H3K4me1and H3K4me3 immunopositive signals,
although the numbers of these cells in the neonatal brain were negligible. These glial cells
displayed smaller nuclei with more compact chromatin, and they were smaller than the
neurons in the newborn rat brain. Hardly any CNPase-positive oligodendrocytes were
detected (data not shown), as myelogenesis occurs predominantly postnatally.
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Figure 7. Colocalization of H3K4 methylation patterns and NeuN immunoreactivity in neurons of the newborn brain. 
DAPI-labeled cell nuclei are shown in blue (A,E,I,M). Immunoreactivity of the neuron-specific marker NeuN (B,F,J,N; 
shown here in green) and the histone methylation markers H3K4me1 and H3K4me3 (C,G,K,O, respectively; shown here 
in red) were colocalized in merged images (D,H,L,P). These immunohistochemical data corroborated the results of the 
Western blot analyses, as the immunofluorescent signals of the methylation marks were more intense in the sections from 
the RST-exposed newborns (G,O) as compared to the controls (C,K). Scale bar: 75 µm. 

Figure 7. Colocalization of H3K4 methylation patterns and NeuN immunoreactivity in neurons of the newborn brain.
DAPI-labeled cell nuclei are shown in blue (A,E,I,M). Immunoreactivity of the neuron-specific marker NeuN (B,F,J,N;
shown here in green) and the histone methylation markers H3K4me1 and H3K4me3 (C,G,K,O, respectively; shown here
in red) were colocalized in merged images (D,H,L,P). These immunohistochemical data corroborated the results of the
Western blot analyses, as the immunofluorescent signals of the methylation marks were more intense in the sections from
the RST-exposed newborns (G,O) as compared to the controls (C,K). Scale bar: 75 µm.
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Figure 8. Laser confocal microscopy images of H3K4me1 and H3K4me3 immunoreactivities in neuronal nuclei. Paraffin 
sections of brains from the control (A–D,I–L) and RST-treated newborn rats (E–H,M–P) were immunostained for NeuN 
(shown here in green) and H3K4me1 or H3K4me3 (shown here in red), then visualized by confocal microscopy. Cell nuclei 
were labeled with DAPI (blue). Note the overwhelmingly neuronal localization of the histone methylation marks. Some 
NeuN-negative non-neuronal cells, notably in panels (G,K) (white arrows), also display H3K4me1 and H3K4me3 marks. 
Scale bar: 20 µm. 
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Figure 8. Laser confocal microscopy images of H3K4me1 and H3K4me3 immunoreactivities in neuronal nuclei. Paraffin
sections of brains from the control (A–D,I–L) and RST-treated newborn rats (E–H,M–P) were immunostained for NeuN (shown
here in green) and H3K4me1 or H3K4me3 (shown here in red), then visualized by confocal microscopy. Cell nuclei were labeled
with DAPI (blue). Note the overwhelmingly neuronal localization of the histone methylation marks. Some NeuN-negative
non-neuronal cells, notably in panels (G,K) (white arrows), also display H3K4me1 and H3K4me3 marks. Scale bar: 20 µm.
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Figure 9. Colocalization of H3K4 methylation patterns and Iba1 immunoreactivity in the microglial cells of the newborn 
brain. In a newborn rat brain, the majority of the cells are neurons. At birth, microglia are unevenly distributed and located 
in specific “hotspots” such as the ventricular zone. Due to their overwhelmingly neuronal localization, H3K4me1 and 
H3K4me3 immunoreactivities (shown here in red) were more intense in the sections cut from the RST-treated newborns 
(E–H,M–P) as compared to the controls (A–D,I–L). A few H3K4 methylated cell nuclei belonged to Iba1-positive microglia 
(shown here in green). DAPI-labeled nuclei are shown in blue (A,E,I,M). Scale: 75 µm. 

 

Figure 10. Laser confocal microscopy images of H3K4me1 and H3K4me3 immunoreactivities in microglial nuclei. New-
born brain sections from the control (A–D) and RST-treated rats (E–H) were immunostained for Iba1 (green), and 
H3K4me1 or H3K4me3 (red), then visualized by confocal microscopy. DAPI-labeled cell nuclei are blue. Note in the 
merged pictures the very few microglia that colocalize with the histone methylation marks. Scale bar: 20 µm. 

Figure 9. Colocalization of H3K4 methylation patterns and Iba1 immunoreactivity in the microglial cells of the newborn
brain. In a newborn rat brain, the majority of the cells are neurons. At birth, microglia are unevenly distributed and located
in specific “hotspots” such as the ventricular zone. Due to their overwhelmingly neuronal localization, H3K4me1 and
H3K4me3 immunoreactivities (shown here in red) were more intense in the sections cut from the RST-treated newborns
(E–H,M–P) as compared to the controls (A–D,I–L). A few H3K4 methylated cell nuclei belonged to Iba1-positive microglia
(shown here in green). DAPI-labeled nuclei are shown in blue (A,E,I,M). Scale: 75 µm.
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Figure 10. Laser confocal microscopy images of H3K4me1 and H3K4me3 immunoreactivities in microglial nuclei. Newborn
brain sections from the control (A–D) and RST-treated rats (E–H) were immunostained for Iba1 (green), and H3K4me1 or
H3K4me3 (red), then visualized by confocal microscopy. DAPI-labeled cell nuclei are blue. Note in the merged pictures the
very few microglia that colocalize with the histone methylation marks. Scale bar: 20 µm.
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Figure 11. Double immunofluorescence staining for H3K4me1 and H3K4me3 in GFAP-positive astrocytes. In the neonatal 
rat brains, GFAP-positive cells were few, and unevenly distributed (green; B,F,J,N). DAPI-labeled cell nuclei are blue 
(A,E,I,M), and H3K4me1 (C,G) and H3K4me3 (K,O) marks are shown here in red. Merged pictures show (D,H,L,P) that 
few GFAP-positive astrocytes exhibited H3K4me1 and H3K4me3 marks. Scale bar: 50 µm. 

3. Discussion 
Although the beneficial effects of statins are well documented [1], there are some cir-

cumstances, including pregnancy, in which their use requires caution. For example, 
HMG-CoA reductase activity is required for normal placental development in mammals. 
The inhibition of this enzyme by statins may disrupt membrane synthesis, cellular prolif-
eration and growth, and metabolism and protein glycosylation, which are crucial for the 
normal development of the placenta [17]. Limited data exist on the effect of statins in preg-
nancy, and there is no specific pattern of congenital anomalies associated with statin use 
[18]. Exposure to lipophilic statins is hypothesized to be of greater risk to the fetus than 
hydrophilic statins, because of their greater ability to reach the fetus in larger concentra-
tions as a result of placental transport [17]. Studies have occasionally reported beneficial 
effects from statin use; for example, Elahi et al. [37] demonstrated that statin treatment in 
hypercholesterolemic pregnant mice reduced certain cardiovascular risk factors in their 
offspring. Statins also proved beneficial in preventing preeclampsia, thus ameliorating the 
risks of structural abnormalities to the fetus [18,38]. However, the use of statins in human 
pregnancy is currently not recommended, because of the potential teratogenic effects ob-
served in animal experiments on one hand, and as a precaution owing to the lack of data 
supporting an indication for their use in pregnancy on the other. Indeed, animal models 
(rats, mice, rabbits) provide sporadic evidence for the teratogenicity of statins on preg-
nancy outcomes [21,22,39]. 

Figure 11. Double immunofluorescence staining for H3K4me1 and H3K4me3 in GFAP-positive astrocytes. In the neonatal
rat brains, GFAP-positive cells were few, and unevenly distributed (green; B,F,J,N). DAPI-labeled cell nuclei are blue
(A,E,I,M), and H3K4me1 (C,G) and H3K4me3 (K,O) marks are shown here in red. Merged pictures show (D,H,L,P) that
few GFAP-positive astrocytes exhibited H3K4me1 and H3K4me3 marks. Scale bar: 50 µm.
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3. Discussion
Although the beneficial effects of statins are well documented [1], there are some

circumstances, including pregnancy, in which their use requires caution. For example,
HMG-CoA reductase activity is required for normal placental development in mammals.
The inhibition of this enzyme by statins may disrupt membrane synthesis, cellular pro-
liferation and growth, and metabolism and protein glycosylation, which are crucial for
the normal development of the placenta [17]. Limited data exist on the effect of statins in
pregnancy, and there is no specific pattern of congenital anomalies associated with statin
use [18]. Exposure to lipophilic statins is hypothesized to be of greater risk to the fetus than
hydrophilic statins, because of their greater ability to reach the fetus in larger concentra-
tions as a result of placental transport [17]. Studies have occasionally reported beneficial
effects from statin use; for example, Elahi et al. [37] demonstrated that statin treatment in
hypercholesterolemic pregnant mice reduced certain cardiovascular risk factors in their
offspring. Statins also proved beneficial in preventing preeclampsia, thus ameliorating
the risks of structural abnormalities to the fetus [18,38]. However, the use of statins in
human pregnancy is currently not recommended, because of the potential teratogenic
effects observed in animal experiments on one hand, and as a precaution owing to the lack
of data supporting an indication for their use in pregnancy on the other. Indeed, animal
models (rats, mice, rabbits) provide sporadic evidence for the teratogenicity of statins on
pregnancy outcomes [21,22,39].

The nervous system comprises several different cell types that are defined by morphol-
ogy, function, anatomical location, and specific patterns of gene expression. The establish-
ment of these complex and highly regulated cell fates requires the spatial and temporal
coordination of gene transcription in the proper order, number, and location. In the devel-
oping brain, neurons are generated first, followed by the supporting glia. Lineage studies
indicate that the developing brain contains multipotent progenitor cells capable of generat-
ing both neurons and glia, and that cell fate restriction may be a consequence of a series of
gene expression events and extracellular signals acting on multipotent progenitors [40].

On postnatal day 1, the newborn rat brain is a tissue populated mostly by neurons
that are complemented gradually with non-neuronal cells. Bandeira et al. [41] reported
that > 90% of the cells are neurons at this stage, and only about 6% of the cells had non-
neuronal phenotypes. They also showed that the neuronal population initially present at
birth was further reduced by apoptosis and that the number of non-neuronal, mostly glial,
cells increased. Neurons and glial cells then worked together to achieve proper neuronal
development and normal brain function. Microglia, the resident immune cells of the CNS,
infiltrate the embryonic brain early and develop side by side with the neurons. At this
early stage, when the first wave of synaptogenesis occurs, microglia are the only major
non-neuronal cell type present in the CNS [42]. The generation of astrocytes and oligoden-
drocytes occurs in a temporally distinct, yet overlapping, pattern. In rats, neurogenesis
peaks at embryonic day 14, astrocytogenesis at postnatal day 2 (they are produced largely
during the final stage of neurogenesis), and oligodendrocytogenesis at postnatal day 14,
although oligodendrocyte precursors appear somewhat earlier [43].

Mammalian embryonic development and subsequent fetal development involve pre-
cise molecular interactions between intrinsic factors such as genetics and epigenetics, and
extrinsic maternal factors, such as environmental perturbations, drugs, or even maternal
nutrition, as nutritional components that could influence the epigenetic landscape in the
fetus and thus developmental processes [44]. Euchromatin allows transcription factors to
interact with gene promoters and activate lineage-specific genes, while heterochromatin
remains inaccessible to transcriptional activation [32]. During embryonal development, the
histone methylation landscape of brain cells is sensitive to a wide range of environmental
cues. Diet is now recognized as a major environmental factor that may contribute to
controlling the physiological and pathophysiological aspects of homeostasis, metabolism,
and gene expression [45,46]. It was therefore important to rule out any interference of liver
pâté, as the vehicle for RST, on epigenetic mechanisms. We ruled out potential impacts
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of this diet supplement on the histone methylation patterns, as they did not significantly
change their levels between the absolute and vehicle-treated control newborn rat brains.
We did not find any signs of RST histotoxicity or changes in the cellular compositions of
newborn brains through light microscopy. It is important to note that most of the histone
methylation marks we detected in this study were localized to neurons, and to a much
smaller extent, to microglia. Astrocytes and oligodendrocytes develop and populate the
newborn brain at later time points.

The dysregulation of chromatin decreases viability and normal cell functions and
leads to various neurodevelopmental and psychiatric diseases [47]. H3K4 methylation
has been observed in genes that are important for the regulation of cell differentiation,
proliferation, and apoptosis [48]; for example, homeobox genes, known for their role in
embryonic development, are regulated by H3K4 methylation [49]. H3K4me3 is almost
always associated with RNA polymerase II occupancy of the promoters at the sites of
active gene expression [50]. H3K4me1 and H3K4me3 marks are commonly located in
euchromatin, are broadly associated with transcriptional regulation and the epigenetic
tagging of promoters and enhancer sequences, and are known to allow the DNA to adopt
a more “open” conformation and recruit chromatin-modifying factors [51]. The proper
regulation of H3K4 methylation is pivotal for healthy brain development, as mutations
associated with the loss and gain of H3K4 methylation could potentially result in intellec-
tual disability, autism, microcephaly, seizure disorders, and other neurological diseases
in early childhood [47]. It is possible that this epigenetic mark is involved more broadly
in the pathophysiology of some neurodevelopmental disorders, as multiple regulators of
H3K4 methylation are associated with neurodevelopmental diseases [52,53]. There can be
little doubt that the H3K4 methylation landscape of brain cells is sensitive to a wide range
of environmental perturbations [47]; indeed, the H3K4me3 mark undergoes global and
gene-specific alterations in the hippocampus of fear-conditioned animals. Gupta et al. [54]
found that H3K4me3 was upregulated in the rat hippocampus 1 h after contextual fear
conditioning and that this increase was reversible. Furthermore, the activation of the
maternal immune system by the viral mimic polyriboinosinic¬–polyribocytidilic acid,
which leads to behavioral deficits in the adult offspring, could result in robust but tran-
sient changes in H3K4 methylation at the genes encoding cytokines and other signaling
molecules in the fetal brain [55]. Prenatal exposure to the alkylating and antimitotic agent
methylazoxymethanol, which leads to several anatomical and behavioral abnormalities in
adulthood similar to those observed in patients with schizophrenia, resulted in decreased
H3K4 methylation in the adult prefrontal cortex [56].

In this study, we focused on methylations of the Lys (K) residues of the four core
histones. These epigenetic modifications, particularly in the case of the histone H3, are
involved in a wide range of biological processes, including the activation and repression of
transcription; nevertheless, one methyl mark by itself might still have a limited biological
message. As mentioned above, H3K4me is a mark that, on a genome-wide scale, is associ-
ated broadly with transcriptional activation and the epigenetic tagging of promoters and
enhancers [51]. Hence, H3K4me1/3 sites correlate positively with gene expression similarly
to H3K36 methylation. The methylation of histone H3 lysine 36 (H3K36) plays an important
role in the partitioning of chromatin into distinctive domains, as well as in the regulation
of a wide range of biological processes [57,58]. H3K36me2 regulates the distribution of
H3K27me3 [57], a hallmark of heterochromatin. A study on the epigenetic silencing of
inflammation-related genes demonstrated that repressive histone marks (e.g., H3K27me3)
correlated with a silencing of their expression [59]. Similar to H3K27, the methylation of
H3K9 was shown to be involved in heterochromatin formation and transcriptional silenc-
ing [60]. H3K9me3 is a typical mark of constitutive heterochromatin, while H3K27me3 is
usually enriched in facultative heterochromatin [61]. H3K9me3 modification is associated
with changes in gene transcription by alterations to the chromatin structure. Another
hallmark of heterochromatin is a strong enrichment of H4K20me2/3; in fact, H3K9me3 is
required for the induction of H4K20me2/3 [61]. Hence, the H4K20 histone methyl mark
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is associated with gene repression [34]. Besides H3 and H4, there are only a few known
methylation marks in H2A and H2B; for example, Barski et al. [51] reported that H2BK5me1
is an activation mark associated with the active promoters downstream of transcription
start sites. Interestingly, no data are available on the Lys methylation of H2A, particularly
of H2AK118.

In this study, we provided evidence that, in newborn rat brains, prenatal exposure
to RST alters the methylation landscape in general, and the H3K4me1 and H3K4me3
histone modifications in particular. We observed that RST significantly elevated the levels
of H3K4me1 and H3K4me3 compared to the controls. Furthermore, we did not find any
histological structural alteration in newborn brains that could be related to RST treatment.
It remains to be determined in future studies whether the changes observed in the H3K4
methylation patterns are: (1) linked to specific loci or are genome-wide, (2) reflect an
adaptive or maladaptive response to RST, or (3) are the outcomes of secondary or tertiary
processes in response to RST treatment. The identification of the genomic sequences
involved in the control of the embryonic development of offspring whose mothers had
been treated with RST remains a formidable challenge. Interestingly, statins, in general,
did not directly inhibit the activity of the major epigenetic modifying enzymes, such as,
“writers” or “readers” [62]. Since 50% of all pregnancies are unplanned [63], the possibility
exists that a pregnant woman may be taking a statin at least for a while. The epigenetic
changes elicited by rosuvastatin are not good or bad unless definitely proven either way.
Although there are no such data available yet on humans, our data could provide a warning.
Prenatal statin therapies, therefore, require caution and warrant further investigation until
a more detailed picture of their effects on the epigenetic spectrum emerges.

4. Materials and Methods
4.1. Animal Handling and Treatment

Pregnant Sprague–Dawley rats (190–210 g) were kept under standard housing condi-
tions and fed ad libitum with regular laboratory chow. Pregnant rats were divided into
three groups: in addition to absolute controls (no supplements at all), the vehicle-treated
control animals received a small amount (650 mg) of liver pâté in pellet form once a day,
whereas treated rats were given daily oral doses of RST (0.25 mg/kg body weight) mixed
into pellets of liver pâté. Both groups received this liver pâté supplement (with or without
RST) for 10 days, beginning on the 11th day of pregnancy (or until delivery). Feeding
with the liver pâté was done individually, using forceps. Five breeding runs (4–6 pregnant
rats each) provided the litters (6–12 pups from each mother) from which the independent
experiments were performed. On postnatal day 1, the cerebral hemispheres of the absolute
control, vehicle-treated control, and RST-treated rats were removed and either homoge-
nized for Western blot analysis or embedded in paraffin for hematoxylin and eosin (H&E)
staining and fluorescent immunohistochemistry/confocal microscopy.

4.2. Antibodies
The antibodies used in this study are listed in Tables S1 and S2. Several antibodies

specific for the Lys methylation sites and the states of the H2A, H2B, H3, and H4 histone
proteins were selected for the Western blot analyses and the fluorescent immunohisto-
chemistry. The antibodies for cell-specific markers were used to detect neurons, astrocytes,
oligodendrocytes, and microglial cells, as well as to check for possible changes in their
ratios. The anti-Ki67 antibody was used to visualize the proliferating cells [64,65].

4.3. Histology
Rat brains were dissected quickly, fixed in 0.05 M phosphate-buffered saline (PBS)

containing 4% formaldehyde, and then embedded in paraffin for H&E staining and im-
munohistochemistry. Paraffin-embedded sections were cut (6 µm thickness) on a microtome
(Leica RM2235; Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany), mounted on glass
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slides coated with (3-aminopropyl)triethoxysilane (Menzel, Darmstadt, Germany), and
subsequently used for H&E staining and immunohistochemistry.

4.4. Fluorescent and Confocal Immunohistochemistry
The paraffin-embedded tissue sections were deparaffinized, rehydrated, and placed

in a jar filled with 0.01 M citrate buffer (pH 6.0) containing 0.05% Tween-20, and then
heated at 95 �C for 20 min. The sections were washed 3 ⇥ 10 min in 0.05 M PBS containing
0.05% Tween-20 and blocked in a 0.05 M PBS solution containing 0.05% Tween-20 and
5% normal goat serum (NGS) for 1 h at room temperature (RT). The sections were then
incubated with primary antibodies in a 0.05 M PBS solution containing 0.05% Tween 20
and 5% NGS overnight at 4 �C. After washing (4 ⇥ 10 min in 0.05 M PBS containing
0.05% Tween-20), the primary antibodies were labeled with either Alexa 488- or Alexa
568–conjugated secondary antibodies (final dilution 1:1000; Invitrogen, Carlsbad, CA, USA)
in a blocking solution for 3 h at RT. After 4 ⇥ 10 min washes in 0.05 M PBS containing 0.05%
Tween-20, the cell nuclei were stained using a 2-[4-(aminoiminomethyl)phenyl]-1H-indole-
6-carboximidamide hydrochloride (DAPI) solution (Thermo Fisher Scientific, Waltham,
MA, USA). Digital images were captured on a Leica DMLB epifluorescence microscope
using a Leica DFC7000 T CCD camera (Leica Microsystems CMS GmbH, Wetzlar, Germany)
and the LAS X Application Suite X (Leica).

Select immuno-labeled sections were also examined with a confocal laser scanning
microscope (Olympus Fluoview FV1000, Olympus Life Science Europa GmbH, Hamburg,
Germany). Images (512 ⇥ 512 pixels) were captured along the Z-axis, with a distance of
0.5 µm between consecutive optical slices using the following microscope configuration:
objective lens, UPLSAPO 60⇥; numerical aperture, 1.35; sampling speed, 4 µs/pixel; optical
zoom, 2⇥; and scanning mode, sequential unidirectional. The excitation wavelengths were
as follows: 405 nm (DAPI), 488 nm (Alexa Fluor 488), and 543 nm (Alexa Fluor 568). Z-stack
images were prepared using 10–12 consecutive optical slices.

4.5. Western Blot Analyses
Brains from newborn rats were dissected, homogenized in 50 mM Tris-HCl (pH 7.5

at 4 �C) containing 150 mM NaCl, 2 µg/mL leupeptin, 1 µg/mL pepstatin, 2 mM phenyl-
methylsulfonyl fluoride, and 2 mM EDTA, and centrifuged at 14,000⇥ g for 10 min. The
supernatant was aliquoted, and the pellet was rehomogenized in 50 mM Tris-HCl (pH 7.5
at 4 �C) containing 150 mM NaCl, 0.1% Nonidet-P40, 0.1% cholic acid, 2 µg/mL leupeptin,
1 µg/mL pepstatin, 2 mM phenylmethylsulfonyl fluoride, and 2 mM EDTA. The sam-
ples were incubated on ice for 30 min and then aliquoted. The protein concentrations of
these suspensions and the abovementioned supernatants were determined by the Lowry
method [66]. For Western blot analyses, 15–30 µg of protein was separated on an SDS
polyacrylamide gel (4–12% stacking gel/resolving gel), transferred onto a Hybond-ECL
nitrocellulose membrane (Amersham Biosciences, Little Chalfont, Buckinghamshire, Eng-
land), blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline (TBS) containing 0.1%
Tween-20, and incubated overnight with the appropriate primary antibodies as well as
with those of the internal control (mouse anti-GAPDH monoclonal antibody). After five
rinses in 0.1% TBS–Tween-20, the membranes were incubated for 1 h with the appropriate
horseradish peroxidase-conjugated goat anti-rabbit or rat anti-mouse secondary antibodies
and washed three times, as described above. The enhanced chemiluminescence method
(ECL Plus Western blotting detection reagents; Amersham Biosciences) was used to reveal
the immunoreactive bands, according to the manufacturer’s protocol. The exposure time
and film development were optimized for each antibody.

4.6. Imaging and Statistical Analyses
Grayscale digital images of the immunoblots were acquired by scanning the autora-

diographic films with a desktop scanner (Epson Perfection V750 PRO; Seiko Epson Corp.,
Suwa, Japan). The images were scanned and processed at identical settings to allow com-
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parisons of the Western blots obtained from different samples. The bands were analyzed
by densitometry via ImageJ (version 1.47; developed at the U.S. National Institutes of
Health (Bethedsa, MD, USA) by W. Rasband, available at https://imagej.net/Downloads;
accessed on 10 July 2013) [67]. The immunoreactive densities of equally loaded lanes were
quantified, the samples were normalized to the densities of internal controls (GAPDH),
and, for epigenetic studies, presented as % of the absolute controls or as % of controls.

All statistical comparisons were made using SigmaPlot software (v. 12.3, Systat
Software, Inc., Chicago, IL, USA), and data were analyzed with one-way analysis of
variance (ANOVA) or the Mann–Whitney rank–sum test. For the Western blots, values
were presented as means ± standard errors of means (SEMs) from at least five immunoblots,
each representing an independent newborn. A p-value of < 0.05 was considered significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/7/3412/s1, Table S1: Primary and secondary antibodies used in immunohistochemistry, Table
S2: Primary and secondary antibodies used in Western blots.
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Abbreviations

ANOVA analysis of variance
CNS central nervous system
CNPase 20,30-cyclic nucleotide 30-phosphodiesterase
DAPI 2-[4-(aminoiminomethyl)phenyl]-1H-indole-6-carboximidamide hydrochloride

EAAT1
excitatory amino acid transporter 1 (also known as glutamate aspartate transporter 1
(GLAST-1))

GAPDH glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12)
GFAP glial fibrillary acidic protein
H histone
HGM-CoA 3-hydroxy-3-methylglutaryl coenzyme A
H&E hematoxylin and eosin
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Iba1 ionized calcium-binding adaptor molecule 1
IgG immunoglobulin G
Ki67 proliferation marker antigen identified by the monoclonal antibody Ki67
NeuN anti-neuronal nuclei protein (hexaribonucleotide-binding protein-3)
PBS phosphate-buffered saline
RST rosuvastatin
RT room temperature
SDS sodium dodecyl sulfate
SEM standard error of the mean
TBS Tris-buffered saline
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