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HEPATOTOXICITY OF BISPHENOL A UNDER CONDITIONS
OF DIFFERENTIAL SUPPLEMENTATION WITH RETINOIDS
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Classical xenoestrogenic in vivo effects of bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) are
well-described in the literature, however the molecular mechanisms of BPA-induced hepatotoxicity are not
fully characterized. The work is aimed to assess biochemical markers of BPA induced hepatotoxicity under
conditions of differential supplementation with retinoids. We demonstrate that the absence of hepatic retinyl
esters as the main form of vitamin A storage provides for a resistance to BPA induced liver damage. Retinoid
supplementation increases the hepatotoxic effects of bisphenol A, evidenced in higher indexes of oxidative
damage of lipids, proteins and non-protein thiol groups as well as increase of serum alanine aminotransferase
activity and myeloperoxidase activity in liver parenchyma. The absence of hepatotoxicity signs when hepatic
retinoid stores are depleted and their presence during normal or excessive retinoid supplementation suggest

that hepatic retinoid availability is one of the factors determining the hepatotoxicity of bisphenol A.
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epatotoxicity is currently one of the pri-
H mary targets for biomedical research due

to ever increasing toxic pressure on liver as
an organ of homeostasis and detoxification [1]. The
adequate experimental models are indispensable for
better understanding of biochemical mechanisms
of hepatotoxicity progression and for development
and testing of novel approaches to counteract this
pathology [2]. Bisphenol A (2,2-bis(4-hydroxyphe-
nyl)propane, BPA) is one of the potential in vivo
hepatotoxicity inducer and is widely used as a mono-
mer for polycarbonate productions [3]. There is a
worrying constant danger of chronic human expo-
sure to low-level doses of BPA due to its leaching
from BPA-containing household products (plastic
containers, compact disks, DVDs, protective and
corrective eyewear etc.) [4]. The classical toxic ef-
fects of BPA are primarily determined by its xenoes-
trogenic qualities due to similarities between chemi-
cal structure of BPA and 17-f estradiol resulting in
high affinity binding with estrogen receptors [5, 6].
Although toxic xenoestrogenic effects of BPA are
described in detail, the molecular mechanisms be-
hind BPA-induced hepatotoxicity are still poorly un-
derstood and require further study. The detoxifica-
tion of this xenobiotic, primarily in liver, generates

highly reactive bisphenol metabolites and activates
free-radical processes [7].

Retinoids, including vitamin A and its metabo-
lites (retinyl esters, retinol, retinoic acid) [8] may
modulate toxicity of xenobiotics. Numerous studies
[9, 10] prove that retinoids control liver detoxifica-
tion system through regulation of expression of cyto-
chrome p450 isoforms by binding to nuclear retinoic
acid receptor (RAR a, B, y) and retinoid X receptors
(RXR a, B, y) [11]. Since CY P-mediated metabolism
of xenobiotics may produce more toxic highly reac-
tive intermediates, the substances that can affect the
activity of detoxification system may define toxicity
of xenobiotics. It is thus sensible to investigate BPA
toxicity under differential supplementation with
retinoids.

The aim of this work was to evaluate the bio-
chemical parameters of BPA-induced hepatotoxicity
under differential supplementation with retinoids.

Materials and Methods

The experimental animals were C57BL/6J mice
(wild type, WT) of 2.5-3 month age, with body mass
of 20-25 g. The animals, which are from a congenic
subline of C57 mice, were kindly provided by prof.
W. Blaner from the Institute of Human Nutrition,
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Columbia University, New York (USA). Animal han-
dling and manipulation was conducted in accordance
with the article 26 of the Law of Ukraine No 3447-
IV 21.02.2006 “On the protection of animals from
cruelty”, “The European Convention for the Protec-
tion of Vertebrate Animals used for Experimental
and Other Scientific Purposes” (Strasbourg, 1986),
“General Ethical Considerations for Animal Ex-
perimentation” established by First Ukrainian Con-
gress on Bioethics, and with regard to NIH Guide
for the Care and Use of Laboratory Animals [12].
We used hexadecyltrimethylammonium bromide,
o-dianisidine dihydrochloride, 2,4-dinitrophenyl-
hydrazine (DNPH), ethylenediaminetetraacetic acid
(EDTA) by Sigma-Aldrich (USA), 5,5'-dithiobis-(2-
nitrobenzoic acid (Ellman's reagent) by LOBA (Aus-
tria), trichloroacetic acid by SHANGHAI SYNNAD
(China). All the other reagents were of local manu-
facture, of purity equal or above 'pure for analysis'

BPA was diluted in corn oil (used as vehicle)
and given orally daily for 3 days in doses of 50 mg/
kg of body mass, corresponding to the lowest ob-
servable adverse effect level (LOAEL) dosage [13].

We used the following methodology to inves-
tigate BPA hepatotoxicity under differential supple-
mentation with retinoids:

* Depletion of hepatic vitamin A stores (as
retinyl esters) was modeled by usage of C57BL/6J
transgenic mice that are unable to store retinyl esters
due to knockout of lecithin:retinol acyltransferase
(EC 2.3.1.135) gene (Lrat”), their phenotype has
been characterized thoroughly [14];

* Vitamin A overconsumption was modeled by
gavage of retinyl acetate (Rac) in a very high dose
of 3000 IU at 12 h intervals for 3 days (the physio-
logical dose is 30 [U) [15].

The animals were divided into the following
groups (5 to 6 animals per group):

* Group I (control group I) — wild type animals
receiving the vehicle alone;

 Group II (experimental group I) — wild type
animals receiving 50 mg/kg of BPA per os;

* Group III (experimental group II) — wild type
animals receiving 50 mg/kg of BPA and 3000 IU of
retinyl acetate per os;

* Group IV (control group II) — Lrat” animals
receiving the vehicle alone;

» Group V (experimental group III) — Lrat™”
animals receiving 50 mg/kg of BPA per os;
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» Group VI (experimental group 1V) — Lrat”
animals receiving 50 mg/kg of BPA and 3000 IU of
retinyl acetate per os.

Toxic lesions of liver were evaluated biochemi-
cally 72 h after start of the experiment. The animals
were euthanized under light ether anesthesia. The
liver was excised and blood collected from inferior
vena cava. Blood serum was obtained by centrifuga-
tion at 1500 g for 15 min.

The extent of liver lesions was assayed through
catalytic activity of alanine aminotransferase (ALT,
EC 2.6.1.2) in blood serum by Reitman and Frankel
method kit (Felicit Diagnostika, Dnipro, Ukraine)
and expressed as [U/L. Myeloperoxidase activity
(MPO, EC 1.11.1.7) as an indicator of inflammatory
infiltration of hepatic tissue was assayed as has been
described [16] and expressed as ADxmin'xmg"! of
protein.

Oxidative degradation of liver biomolecules
was assayed as content of thiobarbituric acid-reac-
tive substances (TBARS), protein carbonyl groups,
protein and non-protein thiol groups. TBARS level
was assayed after method [17] that is based on re-
action between these substances and thiobarbitu-
ric acid, the resulting absorbance was measured at
A =532 nm (¢ = 1.56x10° cm'xM™"). TBARS con-
tent was expressed as nmol/mg of protein. Protein
thiol groups content was assayed after method [18],
which is based on reaction of protein carbonyls with
DNPH, the resulting absorbance was measured at
A =370 nm (g = 21x10* cm'xM™"). Carbonyl groups
level was expressed as nmol/mg of protein. Protein
and non-protein thiol groups in liver were assayed by
reaction with Ellman’s reagent that produces yellow
hued 2-nitro-5-thiobenzoate anion, the intensity of
color is proportional to thiol content [19, 20]. Protein
and non-protein thiols were separated by sedimen-
tation in 20% trichloroacetic acid. The content was
expressed as nmol/mg of protein.

Protein concentration was determined by Low-
ry method [21].

Statistical data processing was done with Mi-
crosoft Excel software using one-way analysis of
variance followed by Tukey’s honest significant dif-
ference test. The differences were considered sig-
nificant if P < 0.05. In graphic representation, the
values are indicated by Latin letters (a, b, ¢) if the
differences between them are significant, e.g. values
indicated by « differ significantly from those indi-
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cated by b and c. Values indicated by the same letter
do not differ significantly.

Results and Discussion

The results of our studies demonstrate that
BPA administration to wild type animals ( sufficient
with regards to their hepatic retinoid stores) caused
symptoms of hepatotoxicity to manifest on 72 h of
experiment. This is evidenced by 1.6-fold increase
in blood serum ALT activity and twofold increase
in hepatic MPO activity as a consequence of free-
radical processes elevation, due to primarily BPA
metabolism [22].

We observed no significant differences in blood
serum ALT activity and hepatic MPO activity of ani-
mals with no hepatic retinoid stores (Lrat’- animals)
in comparison with those of control animals (Fig. 1),
indicating that BPA administration to Lrat’ ani-
mals did not cause liver lesions. On the other hand,
the administration of 3000 IU of vitamin A to such
animals (deprived with endogenous retinoid stores)
caused 61% increase in ALT and 6-fold increase in
MPO in comparison to animals administered with
BPA. This evidences onset of hepatotoxicity that is
dependent on availability of retinoids. Comparative-
ly, administration of very high doses of vitamin A
to wild-type animals caused the BPA-induced liver
lesions to become more severe, expressed as twofold

A

B wT c
O Lrat- '|'

ALT activity, 1U/I

0
Vehicle + + +
BPA - + +
Rac - - +

rise in blood serum ALT activity and 5-fold rise he-
patic MPO activity, correspondingly (Fig. 1).

These primary biochemical indicators of hepa-
totoxicity in wild-type animals were corroborated by
severe oxidative damage to liver lipids and proteins,
which may result either from effects of toxic BPA
radicals or from BPA-induced activation of free-radi-
cal processes [23]. The most pronounced changes
were those of TBARS and protein carbonyl groups,
the levels of which rose by twofold and 1.3-times un-
der effect of BPA, correspondingly (Fig. 2, 4, B). We
also found decreased protein and non-protein thiol
levels in comparison to control by 41 and 66%, cor-
respondingly (Fig. 2, C, D). This oxidative damage
to liver biomolecules was the basis of hepatotoxicity
onset as evidenced by increased blood serum ALT
and hepatic parenchyma MPO activity (Fig. 1).

Conversely, Lrat" animals did not have statisti-
cally significant changes in levels of TBARS, protein
carbonyl groups and protein and non-protein thiol
groups in comparison to control group of wild-type
animals that were not subjected to BPA administra-
tion (Fig. 2). It is obvious that lack of hepatic retinoid
stores (as retinyl esters) provides for defense against
oxidative damage to liver biomolecules. Administra-
tion of 3000 IU of vitamin A to such animals caused
decrease in protein and non-protein thiols, increase
in TBARS and protein carbonyl groups, which indi-
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Fig. 1. Blood serum alanine aminotransferase (A) and hepatic parenchyma myeloperoxidase (B) activity in
experimental animals. Vehicle — corn oil; BPA — bisphenol A; Rac — retinyl acetate. Here and for Fig. 2 the
data indicated by indexes (a, b, ¢) differ statistically significant, P < 0.05
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Fig. 2. Content of products of oxidative degradation of cellular biomolecules in liver. A — content of thiobar-
bituric acid-reactive substance; B — protein carbonyl groups, C — protein thiol groups; D — non-protein thiols

cates free-radical damage to liver biomolecules as-
sociated with availability of retinoids (Fig. 2). More-
over, the simultaneous administration of BPA and
very high doses of retinyl acetate resulted in even
more pronounced damage to liver protein and lipid
components in wild-type animals (Fig. 2). It needs
to be mentioned that administration of 3000 U of
vitamin A to wild-type and knockout animals with-
out administration of BPA was not associated with
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significant changes in the investigated parameters,
which remained at control levels (data not shown).
The effects indicating relation BPA toxicity
to retinoid availability have to be mediated by their
ability to affect components of liver detoxification
system [9, 10], and especially CYPs — the key en-
zymes of phase I detoxification. The sped up me-
tabolism of BPA aimed to detoxify it paradoxically
leads to production of higher amounts of its toxic
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metabolites — 2- or 3-OH-BPA and quinone forms
[25], which in turn potentiates BPA hepatotoxicity.
We conceivably observed this under administration
of very high doses of vitamin A. Lack of retinoids
provides for organism’s tolerance to BPA-induced
hepatotoxicity, while administration of very high vi-
tamin A doses aggravates the hepatotoxic processes.

A similar effect was detected in our previ-
ous studies on the model of thioacetamide-induced
hepatotoxicity. In that model, similarly, the lack of
endogenous stores of retinoids in animals provided
for endurance against acute thioacetamide-induced
liver lesions, and additional supplementation with
alimentary retinoids potentiated the hepatotoxicity
of the xenobiotic [24]. The modulating effects of
retinoids were demonstrated on models of CCl,- and
acetaminophen-induced hepatotoxicity. In works
[25-27] it has been demonstrated that additional sup-
plementation with retinoids may aggravate processes
associated with toxic lesions of the liver induced by
administration of xenobiotics.

The results of this work and literature analy-
sis [8] allow to uncover common patterns and
suggesting that retinoids are actively involved in pro-
cesses of in vivo biotransformation of xenobiotics.
This interaction has to rely on realization of genomic
effects of retinoids via their nuclear receptors, pri-
marily through retinoid participation in regulation
of metabolic detoxification pathways [8]. On the
other hand, the results of this and other studies [24]
indicate that retinoid-dependent potentiation of bio-
transformation of xenobiotics is not always a posi-
tive result in itself, as it may generate more toxic
intermediates, which eventually will aggravate the
hepatotoxic effects. Our results demonstrate that
this problems needs to be investigated in detail, in-
cluding perspectives for analysis of expression and
activity of specific elements of cellular detoxifica-
tion system, features of free-radical damage to cel-
lular compartments and activity of components of
antioxidant system. The involvement of retinoids in
processes of detoxification, additionally, will lead
do depletion of these essential compounds and will
result in marginal vitamin A deficiency associated
with unbalancing of other retinoid-dependent meta-
bolic pathways.

We have therefore established that lack of
hepatic retinoid stores provides for organism’s

endurance against BPA-induced liver lesion. Ad-
ditional supplementation with retinoids potentiates
the hepatotoxic effects of BPA resulting from oxi-
dative damage to hepatic biomolecules, evidenced
by increased blood serum ALT activity and hepatic
parenchyma MPO activity. Since these indicators of
hepatotoxicity are absent under lack of hepatic reti-
nyl esters and start to appear under normal or higher
vitamin A doses, we conclude that retinoid content
is one of the factors determining BPA hepatotoxicity.

TEMATOTOKCHUYHICTH
BIC®EHOJIY A B YMOBAX PI3HOI
3ABE3INEYEHOCTI OPTAHI3MY
PETUHOIJIAMU
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Knacuuni TtokcnuHi edekTu Oichenomy A
(2,2-6ic(4-rigpokcudenin)-npoman, BPA) in vivo
SK KCEHOECTPOTCHY JETallbHO 0XapaKTepHu30BaHO,
MIPOTE MOJEKYIAPHI MeXaHi3MH iHAyKoBaHOI BPA
renaToTOKCHYHOCTI 3aIHINAI0THCS He A0 KiHIIS PO3-
KpUTUMH. Y POOOTI MPOBEIEHO 0I0XIMITHY OIIHKY
inmykoBaHoi BPA remaToTOKCHYHOCTI B yMoBax
pi3HOI 3a0e3MeueHoCTi OpraHi3My pPETHHOIIaMH.
IToxa3aHo, 10 BiJICYTHICTh PETHHOIMIB SK OCHOB-
HOI 3amacarodoi ¢opMu BiTamiHy A 3abe3meuye
TOJICPAHTHICTh OpraHi3My 1o iHmykoBaHoro BPA
ypaxkeHHsl rmeviHkd. JlomaTkoBe — HaJXOJKEH-
HS PETUHOIMIB ITOCHITIOE TEMaTOTOKCHUYHI edek-
TH OicheHony A, 10 BUABIAETHCS Y iIBHINCHHI
MOKA3HHUKIB OKCUIATUBHOI'O ITOIIKO/KEHH S JIITI 1B,
MIPOTETHOBUX Ta HEMPOTETHOBUX TIONIB MEUIHKHU 1 y
T ABUIIICHHI aKTUBHOCTI ajlaHiHaMiHOTpaHCchepa3n
B CHPOBATIII KPOBI Ta aKTHBHOCT1 Mi€JIOTIEPOKCHIA3H
B TapeHxXiMi TediHKW. BiICyTHICTH  O3HAK
TemaTOTOKCHYHOCTI Yy  pa3i  HEJOCTAaTHOCTI
PETHHOIMIIB Ta IX MPUCYTHICTH 32 HOPMAJIBHOI T
HAaJJTUIIIKOBOI KIJTBKOCTI BiTaMiHy A CBiJ4aTh, IO
3a0€3MeYeHICTh PETHHOITAMU € OTHUM 13 (DaKTOPIB,
K1 3aTy9eH] y TenaToToKCHIHI eekTr BPA.

Oiche-

KnwuyoBi cnoBa: peruHoinw,
HOJI A, remaTOTOKCUYHICTh, KCEHOOIOTHUKH.
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Kmaccuueckne Tokcnueckne s¢¢hexTs Omc-
tdenona A (2,2-0uc(4-runpoxcudeHn)-mporna,
BPA) in vivo B xadecTBe KCEHOACTPOTECHA JIETAlb-
HO OXapaKTEpU3UPOBaHbI, OJHAKO MOJEKYJISPHBIC
MexaHu3mMbl  BPA-uHIyuupoBaHHONW TIemaToTOK-
CHUYHOCTH OCTAIOTCSl HE /10 KOHIIA PACKPBITHIMU. B
pabore mpoBeneHa OMoXxMMHUeckast oreHka BPA-
WHIYIMPOBAHHOW T€NAaTOTOKCUYHOCTH B YCJIOBH-
SIX Pa3JINYHOM O0ECICUYCHHOCTH OpraHHu3Ma pEeTHu-
HougamHu. [loka3zaHo, 4YTO UX OTCYTCTBHE B NEUCHU
KaK OCHOBHOW 3amacaromiedd (popmbl BUTamMmHa A
o0ecreunBaeT pe3nCTEeHTHOCTh oprann3Ma Kk BPA-
WHIYIMPOBAHHOMY MHOPa)KCHHIO medeHu. Jlomo-
HUTEJIBHOE TMOCTYIJICHHE PETHHOMIOB YCHIIMBACT
renarotokcuanble 3(dexTsr BPA, aro mpossuser-
Csl B BBICOKHMX II0Ka3aTeNAX OKHCIUTEIBHOIO MO-
BPEXKJCHUS JTMIHUAOB, TPOTEHHOBBIX U HENPOTEH-
HOBBIX THOJIOB IIEYEHH U B TIOBBILIEHUN aKTUBHOCTH
aJaHMHAMUHOTpaHc(depasbl B CBIBOPOTKE KPOBU
U aKTUBHOCTH MHEJIONEPOKCHIA3bl B IMapeHXUME
nedeHn. OTCyTCTBUE TNPU3HAKOB TIe€NAaTOTOKCHY-
HOCTU IIPH HEAOCTAaTOYHOCTH PETHHOMAOB M HX
MPUCYTCTBUE NPHU HOPMAJIBHOM MJIN H30BITOYHOM
KOJINYECTBE BUTAMHMHA A CBUICTEILCTBYIOT, YTO
00€CIeYeHHOCTh PETUHOMIAMM SIBIISETCS OIHUM
13 (aKkTOpOB, ONPEACTAIOMMNX IeNaTOTOKCHYHOCTD
ouchenomna A.

KnioueBbpie cmoBa: peTuHOUbI, buche-
HOJI A, TemaTOTOKCUYHOCTD, KCEHOOMOTHKH.
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