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Abstract

A strong causal association has become evident between Zika virus (ZIKV) infection during pregnancy and the oc-
currence of fetal growth restriction, microcephaly and eye defects. Circumstantial evidence is presented in this
paper in support of the hypothesis that these effects, as well as the Guillain-Barré syndrome, are due to an endog-
enous form of hypervitaminosis A resulting from ZIKV infection-induced damage to the liver and the spillage of
stored vitamin A compounds (“retinoids”) into the maternal and fetal circulation in toxic concentrations. Retinoids
are mainly stored in the liver (about 80%) and are essential for numerous biological functions. In higher concentra-
tion, retinoids are potentially cytotoxic, pro-oxidant, mutagenic and teratogenic, especially if sudden shifts occur in
their bodily distribution. Although liver involvement has not been mentioned specifically in recent reports, conven-
tional liver enzyme tests underestimate the true extent of liver dysfunction. The proposed model could be tested by
comparing retinoid concentration and expression profiles in microcephalic newborns of ZIKV-infected mothers and
nonmicrocephalic newborn controls, and by correlating these profiles with measures of clinical severity.
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Introduction

Zika virus (ZIKV) 15 one of a family of flaviviruses that
includes West Nile, dengue, yellow fever, chikungunya,
Japanese encephalitis and tick-borne encephalitic
viruses." The virus is transmitted primarily by Aedes
aegypti mosquitoes but the possibility of sexual trans-
mission is also recognized.” Zika was first identified
in rhesus monkeys in Uganda in 1947 and has since
spread widely throughout Africa, southeast Asia and
the western Pacific, and most recently central and
south America.” There is now evidence of a strong
causal association between ZIKV infection occurring
during early pregnancy and microcephaly (defined as
head circumference >2 standard deviations below the
mean for sex and gestational age at birth), other abnor-
malities of the brain, fetal growth restriction, eye
defects, and pregnancy loss.* The underlying patho-
physiological mechanisms are uncertain. This paper
presents the hypothesis that the pathogenesis of

ZIKV infection-associated embryopathy involves cho-
lestatic liver damage in early pregnancy and the spillage
of stored vitamin A compounds into the circulation in
toxic concentrations.

Investigations of Zika Infection-Associated
Embryopathy

Thirty-five cases of microcephaly were described fol-
lowing an outbreak of ZIKV infection in northeast Bra-
zil in early 2015. Most of the mothers of infants with
microcephaly (74%) reported a rash during the first
or second trimester. During their pregnancy, all had
resided in or traveled to areas where ZIKV was circu-
lating. Most of the infants had severe microcephaly,
with widespread brain calcifications in the periventric-
ular, parenchymal and thalamic areas and basal gan-
glia. Ventricular enlargement with cortical/subcortical
atrophy was also reported, suggesting cerebral growth
arrest.”
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By January 2016, a total of 3530 infants with sus-
pected microcephaly had been reported, many born
to women who lived in or had visited areas of ZIKV
transmission. Based on the peak number of reported
cases of microcephaly in Brazil, and an assumed aver-
age duration of pregnancy of 38 weeks, the first trimes-
ter of pregnancy was temporally associated with
reports of cases of febrile rash compatible with ZIKV
disease in pregnant women.

A prospective study of 88 pregnant women in whom
a recent rash had developed found that 82% tested
positive for ZIKV, with a descending pruritic and mac-
ropapular rash, conjunctival involvement and lymph-
adenopathy. Fetal ultrasound detected abnormalities
in 29% of the ZIKV-positive women and none in the
controls. Adverse findings included two fetal deaths,
five cases of in utero growth restriction with or without
microcephaly, five fetuses with ventricular calcification
or other CNS lesions, and four with abnormal cerebral
and umbilical arterial blood flow.” Microcephaly in this
cohort was part of an overall symptom profile of fetal
growth restriction, cerebral calcification and eye prob-
lems that resembled rubella infection. These symptoms
included pruritic rash, arthralgias, lymphadenopathy
with low-grade fever in mothers, and severe growth re-
striction with microcephaly in the fetus. The typical
clinical presentation of ZIKV infection has also been
likened to mild dengue fever, but without hemorrhagic
fever or death.® The main associated clinical features of
ZIKV are low-grade fever, maculopapular rash and
conjunctivitis lasting 2-7 days.”

A causal association between ZIKV infection and mi-
crocephaly is further supported by a report on a large
zika outbreak in French Polynesia. As many as 66% of
the population was estimated to be infected (n=270,000
in 2013). Of eight cases of microcephaly reported,
seven clustered around the end of the outbreak, the pe-
riod of highest risk being the first trimester of pregnancy,
yielding an estimated risk of microcephaly of about 1%."°
However, the rate of other abnormalities and forms of
brain damage could be much higher in ZIKV-associated
pregnancies, possibly comparable to that of the congen-
ital rubella syndrome, which ranged from 38% to 100%
of mothers infected in the first trimester of pregnancy.'"
ZIKV therefore represents a major public health problem
because of the high rate of infection in the community.
Substantial evidence thus indicates that ZIKV can be
transmitted from mother to fetus during pregnancy;
for example, ZIKV RNA has been identified in the am-
niotic fluid of mothers whose fetuses had cerebral abnor-
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malities, as shown by ultrasonography; and both viral
antigen and RNA have been identified in brain tissue
and placentas of children who were born with micro-
cephaly and died soon after birth.!

An expectant Brazilian mother who had a febrile ill-
ness with rash at the end of her first trimester was found
at 29 weeks of gestation to have a fetus with microceph-
aly with brain calcifications. An autopsy performed on
the aborted fetus revealed multifocal dystrophic calcifi-
cations in the cortex and subcortical white matter and
mild focal inflammation. The absence of virus and of
pathological changes in other organs suggested a strong
neurotropism of the Viruslz; this was recognized in ear-
lier studies of the brain of infected suckling mice, which
revealed neuronal degeneration, cellular infiltration
and softening in the brain, with virus replication in
astroglial cells and neurons.'>'* Brain and eyes have
also been described as major targets among the few re-
ports of teratogenic effects of other flaviviruses.'

ZIKV exposure in pregnancy is also associated with
severe fetal ocular findings. In a series of 29 Brazilian in-
fants with microcephaly and a presumed diagnosis of
congenital ZIKV, ocular abnormalities were present in
10 children (34.5%). Bilateral abnormalities were
found in 7 of the 10 infants presenting with ocular le-
sions, the most common of which were focal pigment
mottling of the retina, chorioretinal atrophy, and optic
nerve abnormalities.'® Other reported ophthalmologi-
cal findings have included cataract, asymmetrical eye
sizes, intraocular calcifications, macular atrophy—well-
defined macular neuroretinal atrophy and/or macu-
lar pigment mottling and foveal reflex loss—and lens
subluxation.'”'®

In addition to effects on the fetus, ZIKV infection
has been linked to Guillain-Barré syndrome, an acute
inflammatory demyelinating polyneuropathy which typi-
cally occurs after minor viral and bacterial infections.
The syndrome usually begins with tingling and weak-
ness in the feet and legs and spreads to the upper
body and arms, often evolving into paralysis over a
4-week period, with accompanying disturbances of
sensation and cranial nerve function. The risk of
Guillain-Barré syndrome increases with age, with a
predilection for males." The first report was recently
published providing evidence of a causal link between
ZIKV infection and Guillain-Barré syndrome.*

Hypothesis
Circumstantial evidence is presented here in support of
the hypothesis that the fetal manifestations of ZIKV
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infection result from an endogenous form of hypervita-
minosis A due to infection-induced cholestatic liver
damage in early pregnancy and the spillage of stored
vitamin A compounds (collectively termed retinoids)
into the maternal and fetal circulation in toxic concen-
trations. This process is postulated to result from inter-
actions between the ZIKV genome and endogenous
retinoids, leading to retinoic acid receptor (RAR)-
induced activation of hepatic stellate cells and damage
to the maternal liver; furthermore, liver damage and
exposure of the fetus to excess retinoid concentrations
in the early weeks of pregnancy is hypothesized to
cause overall fetal growth arrest, microcephaly and
other congenital anomalies.

Retinoids are mainly derived from the diet and are
essential for multiple biological functions.*"** Retinoic
acid (RA), the active form of vitamin A in most cellular
systems, is a fat-signaling molecule that binds to and
activates the transcription of many target genes via
the RARs and the retinoid X receptors.”> Retinoids in
low concentration act as growth factors, whereas higher
concentrations can be cytotoxic, pro-oxidant, muta-
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genic and teratogenic.”**> About 80% of vitamin A is
stored in the liver and can last for up to 2 years.*® Sud-
den shifts in the bodily distribution of vitamin A would
therefore be expected to result in severe toxicity.

It is hypothesized that ZIKV infection induces reti-
noid metabolism in the liver, thereby increasing RA pro-
duction and RAR activation within the hepatic cell
nuclei, resulting in inflammation and liver damage.
On this hypothesis, ZIKV interacts with and becomes
genetically coupled to RAR receptors within the liver
cell nuclei, inducing RAR activation similarly, for exam-
ple, to human hepatitis B virus,”” HIV?® and human
cytomegalovirus.*> Although liver dysfunction and ab-
normal liver function tests have not been specifically
mentioned in recent reports, ZIKV was isolated from
two out of three patients with jaundice in whom infec-
tion with malaria and yellow fever virus were ruled
out during an investigation of yellow fever in Eastern
Nigeria.”® Conventional liver enzyme tests also underes-
timate the true extent of liver dysfunction.’® (Fig. 1).

The hypothesis that ZIKV induces hepatic inflam-
mation and tissue damage via increased RAR activation

[ Zika virus infection in early pregnancy ]

l

Activation of retinoid cascade in liver, leading to retinoic acid
production and RAR activation and expression in hepatic cell nuclei

}

[ Acute liver damage and cholestasis J

A 4

Spillage of retinoids in bile and leakage of retinyl
esters into the circulation from damaged hepatocytes

y

[ Acute neuronal apoptosis and necrosis ]

A 4

Fetal growth restriction, microcephaly, eye defects
and related adverse birth outcomes

FIG. 1.

Proposed model of zika virus-associated embryopathy.
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is consistent with the known role of excess vitamin A in
causing liver damage.”® Polar retinol metabolites ex-
tracted from liver tissues of rats caused hepatocyte dam-
age in a concentration- and time-dependent manner,
due to apoptosis.”® Vitamin A activates Kupffer cells
through INF-y production by activated T-lymphocytes.*
In a mouse model of dengue hemorrhagic fever, in
which one of the most affected organs is the liver, the
major effects were steatosis, hepatocyte swelling, necro-
sis and plasma leakage, with significant increases in
liver enzyme levels.>® In cholestasis, vitamin A metab-
olites spill into the circulation in bile and retinyl esters
leak from damaged hepatocytes.”® Acute vitamin A
toxicity is associated with normal or low circulating
concentrations of retinol due to impaired hepatic
mobilization and secretion, with increased fractions
of retinyl esters circulating with plasma lipoproteins,
unbound to retinol-binding protein (RBP). Symptoms
usually disappear after withdrawal of vitamin A, except
for occasional liver enlargement.**

Similarities to Hypervitaminosis A

Strong parallels between the manifestations of ZIKV in-
fection and those of hypervitaminosis A can be seen in
the RA syndrome associated with the treatment of acute
promyelocytic leukemia with RA,> and in the effects of
vitamin A supplements or excess dietary intakes of vi-
tamin A-containing foods such as liver.*® Symptoms of
acute vitamin A poisoning include fever, arthralgia and
arthritis, myalgia, headache, flu-like symptoms, con-
junctival congestion, lymphadenopathy, pruritus, ery-
thematous rash, weakness, anorexia, skin peeling and
altered mental status. Less common effects include
hepatosplenomegaly, miscarriage, Guillain-Barré syn-
drome® and thrombocytopenic purpura.’’” Likewise,
bone pain, fatigue*® and headache are major symptoms
of hypervitaminosis A.*'

Retinoids play a vital role in embryogenesis, acting as
morphogens through concentration gradients in RA.*?
RA acts on the cell nucleus to change the pattern of
gene activity by binding to specific ligand-activated
RARs. Retinaldehyde dehydrogenases catalyze the syn-
thesis of RA from retinol and determine the spatial and
temporal concentration gradients of RA required for
normal embryonic development.*’ If consumed or ad-
ministered early in pregnancy, retinoids can also cause
a wide variety of congenital defects in animals and hu-
mans, depending on the stage of gestation, dose, and
route of administration,*>** including fetal resorption
and stillbirth. Even low intakes of vitamin A in early
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pregnancy (7800 ug/day) are associated with congenital
malformations.*

Abrupt arrest of fetal growth*® and growth restriction
in infants*’ are known effects of RA and hypervitamin-
osis A. Rats that were administered 14 mg/kg of all-
trans-RA for 13 weeks showed signs of growth arrest,
anemia, elevated serum alkaline phosphatase, bone
fracture and testicular degeneration.*® Microcephaly
in particular is a recognized malformation of the cen-
tral nervous system associated with hypervitaminosis
A in early pregnancy.*’ Benke™ described two infants
with microcephaly, frontal bossing, hydrocephalus,
microphthalmia and small, malformed and low-set un-
differentiated ears whose mothers had taken the drug
isotretinoin in the first trimester of pregnancy. Recall-
ing reports of ZIKV-associated microcephaly and calci-
fications in the fetal brain and placenta,'” RA regulates
calcification of mammalian limb cartilage®' and excess
dietary intake of vitamin A promotes heart valve calci-
fication in vivo.>

With regard to eye defects, cataract is an established
feature of retinoid toxicity.”” Both prenatal and postna-
tal exposure to isotretinoin are associated with retinop-
athy and optic nerve abnormalities.”* RA contributes to
light-induced retinopathy in mice via plasma mem-
brane permeability and mitochondrial poisoning, cas-
pase activation and apoptosis.”> Mutations involving
a loss of retinol dehydrogenase (RDH12) have been
linked to severe retinal dystrophy, involving light-
induced retinal apoptosis in cone and rod photore-
ceptors. RDH12 shifts the retinoid balance toward
increased concentrations of retinol and decreased
bioactive RA, which protects against retinaldehyde-
induced cell death and correlates with reduced RA con-
centrations in RDHI12-expressing cells. RDH12 thus
acts as a regulator of RA biosynthesis, protecting pho-
toreceptors against enzymatic overproduction of RA.” 6

Conclusions

The hypothesis proposed here is that ZIKV infection-
associated fetal growth arrest, microcephaly and related
congenital anomalies, as well as the Guillain-Barré syn-
drome, are due to mild liver damage and resulting per-
turbations in retinoid metabolism during the critical
period of embryogenesis. The hypothesis could be
tested by comparing retinoid concentration and ex-
pression profiles in microcephalic newborns of con-
firmed ZIKV-infected mothers and nonmicrocephalic
newborns, and by correlating these profiles with mea-
sures of clinical severity.
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Microcephaly and other fetal abnormalities can be
detected at 18-20 weeks of gestation by ultrasonogra-
phy.” Subject to testing, the hypothesis suggests the
possibility that increased risks of adverse pregnancy
outcomes could be detected earlier in pregnancy
through serum retinoid profiling. Based on such data,
it may be possible to reduce the risk of ZIKV-associated
adverse clinical outcomes, including fetal growth arrest
and microcephaly, by lowering circulating concentra-
tions of retinoids. For instance, plasma retinol and its
transporter RBP can be reduced by phlebotomy and/
or plasmapheresis.””>® While the safety of these proce-
dures in early pregnancy is not well defined, their judi-
cious use could potentially reduce risks of adverse fetal
outcomes as well as the more severe clinical features of
ZIKV infection.

Author Disclosure Statement

The author has a US patent on a “Method for diagnos-
ing gestational diabetes, preeclampsia, and fetal growth
restriction.” US Patent Number 8,883,512 B1, Novem-
ber 11, 2014. www.google.com/patents/US8883512

References

1. Petersen LR, Jamieson DJ, Powers AM, et al. Zika virus. N Engl J Med.
2016;374:1552-1563.

2. Hills SL, Russell K, Hennessey M, et al. Transmission of zika virus through
sexual contact with travelers to areas of ongoing transmission—
continental United States, 2016. MMWR Morb Mortal Wkly Rep. 2016;65:
215-216.

3. World Health Organization. Zika situation report. Neurological syndrome
and congenital anomalies. 2016. Available at http://apps.who.int/iris/
bitstream/10665/204348/1/zikasitrep_5Feb2016_eng.pdf?ua=1
(accessed June 17, 2016).

4. Tepper NK, Goldberg HI, Bernal M|, et al. Estimating contraceptive needs
and increasing access to contraception in response to the zika virus dis-
ease outbreak—Puerto Rico, 2016. MMWR Morb Mortal Wkly Rep.
2016;65:311-314.

5. Schuler-Faccini L, Ribeiro EM, Feitosa IM, et al. Possible association be-
tween zika virus infection and microcephaly—Brazil, 2015. MMWR Morb
Mortal Wkly Rep. 2016;65:59-62.

6. Kleber de Oliveira W, Cortez-Escalante J, De Oliveira WT, et al. Increase
in reported prevalence of microcephaly in infants born to women living
in areas with confirmed zika virus transmission during the first trimes-
ter of pregnancy—Brazil, 2015. MMWR Morb Mortal Wkly Rep. 2016;65:
242-247.

7. Brasil P, Pereira JP Jr, Raja Gabaglia C, et al. Zika virus infection in preg-
nant women in Rio de Janeiro—Preliminary Report. N Engl J Med 2016
Mar 4. [Epub ahead of print]; DOI: 10.1056/NEJMoa1602412.

8. Fauci AS, Morens DM. Zika virus in the Americas-yet another arbovirus
threat. N Engl J Med. 2016;374:601-604.

9. PAHO WHO. Case definitions: Zika resources. 2016. Available at
www.paho.org/hg/index.php?option=com_content&view=article&id=
11117&Itemid=41532&lang=en (accessed May 3, 2016).

10. CauchemezS, Besnard M, Bompard P, et al. Association between Zika virus
and microcephaly in French Polynesia, 2013-2015: a retrospective study.
Lancet. 2016. DOl:http://dx.doi.org/10.1016/50140-6736(16)00651-6

11. De Santis M, Cavaliere AF, Straface G, et al. Rubella infection in pregnancy.
Reprod Toxicol. 2006;21:390-398.

12. Mlakar J, Korva M, Tul N, et al. Zika virus associated with microcephaly.
N Engl J Med. 2016;374:951-958.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

175

. Dick GW. Zika virus. Il. Pathogenicity and physical properties. Trans R Soc

Trop Med Hyg. 1952;46:521e34.

. Bell TM, Field EJ, Narang HK. Zika virus infection of the central nervous

system of mice. Arch Gesamte Virusforsch. 1971;35:183e93.

. Tsai TF. Congenital arboviral infections: something new, something old.

Pediatrics. 2006;117:936-939.

. de Paula Freitas B, de Oliveira Dias JR, Prazeres J, et al. Ocular findings in

infants with microcephaly associated with presumed zika virus congeni-
tal infection in Salvador, Brazil. JAMA Ophthalmol. 2016. DOI:10.1001/
jamaophthalmol.2016.0267.

. Ventura CV, Maia M, Bravo-Filho V, et al. Zika virus in Brazil and macular

atrophy in a child with microcephaly. Lancet. 2016;387:228.

. Ventura CV, Maia M, Ventura BV, et al. Ophthalmological findings in in-

fants with microcephaly and presumable intra-uterus Zika virus infection.
Arq Bras Oftalmol. 2016;79:1e3.

. Van den Berg B, Walgaard C, Drenthen J, et al. Guillain-Barré syndrome:

pathogenesis, diagnosis, treatment and prognosis. Nat Rev Neurol.
2014;10:469-482.

Cao-Lormeau V-M, Blake A, Mons S, et al. Guillain-Barré Syndrome
outbreak associated with Zika virus infection in French Polynesia: a case-
control study. Lancet. 2016;387:1531-1539.

Litwak G, (ed). Vitamin A: Vitamins and Hormones, vol. 75. Elsevier
Academic Press: San Diego, CA, 2007.

Brun PJ, Yang KJ, Lee SA, et al. Retinoids: potent regulators of metabolism.
Biofactors. 2013;39:151-163.

Lane MA, Bailey SJ. Role of retinoid signalling in the adult brain. Prog
Neurobiol. 2005;75:275-293.

Penniston KL, Tanumihardjo SA. The acute and chronic toxic effects of
vitamin A. Am J Clin Nutr. 2006;83:191-201.

de Oliveira MR. Vitamin A and retinoids as mitochondrial toxicants. Oxid
Med Cell Longev. 2015;2015:140267.

De Luca LM, Creek KE. Vitamin A and the liver. Prog Liver Dis. 1986;8:
81-98.

Huan B, Siddiqui A. Retinoid X receptor RXR alpha binds to and trans-
activates the hepatitis B virus enhancer. Proc Natl Acad Sci U S A.
1992;89:9059-9063.

Lee MO, Hobbs PD, Zhang XK, et al. A synthetic retinoid antagonist in-
hibits the human immunodeficiency virus type 1 promoter. Proc Natl
Acad Sci USA. 1994;91:5632-5636.

Angulo A, Suto C, Boehm MF, et al. Retinoid activation of retinoic acid
receptors but not of retinoid X receptors promotes cellular differentiation
and replication of human cytomegalovirus in embryonal cells. J Virol.
1995;69:3831-3837.

MacNamara FN. Zika virus: a report on three cases of human infection
during an epidemic of jaundice in Nigeria. Trans R Soc Trop Med Hyg.
1954;48:139-145.

Stefan N, Kantartzis K, Haring HU. Causes and metabolic consequences of
fatty liver. Endocr Rev. 2008;29:939-960.

Leo MA, Lieber CS. New pathway of retinol metabolism in liver micro-
somes. J Biol Chem. 1985;260:5228-5231.

Dan Z, Popov Y, Patsenker E, et al. Hepatotoxicity of alcohol-induced
polar retinol metabolites involves apoptosis via loss of mitochondrial
membrane potential. FASEB J. 2005;19:845-847.

Sim W, Abril E, Earnest D. Mechanisms of Kupffer cell activation in hy-
pervitaminosis A. In: Cells of the Hepatic Sinusoid. Wisse E, Knook D, Decker
K, (eds.) The Kupffer Cell Foundation: Riiswijk; pp. 91-93; 1989.

Paes MV, Lenzi HL, Nogueira AC, et al. Hepatic damage associated with
dengue-2 virus replication in liver cells of BALB/c mice. Lab Invest.
2009;89:1140-1151.

Popper H, Schaffner F. Cholestasis. In: Gastroenterology, vol 5. Berk JE,
(eds.) W.B. Saunders Company: Philadeplphia; pp. 2697-2731; 1985.
Patatanian E, Thompson DF. Retinoic acid syndrome: a review. J Clin
Pharmacol Ther. 2008;33:331-338.

Rodahl K, Moore T. The vitamin A content and toxicity of bear and seal
liver. Biochem J. 1943; 7:166-168.

Pritchard J. Guillain Barré in 13-cis-retinoic acid. Br Med J. 2004;328:
1537.

Laroche ML, Macian-Montoro F, Merle L, et al. Cerebral ischemia probably
related to isotretinoin. Ann Pharmacother. 2007;41:1073-1076.

. Binkley N, Brueger D. Hypervitaminosis A and bone. Nutr Rev.

2000;58:138-144.



Mawson; BioResearch Open Access 2016, 5.1
http://online.liebertpub.com/doi/10.1089/biores.2016.0004

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

Maden M. Retinoid signalling in the development of the central nervous
system. Nat Rev Neurosci. 2002;3:843-853.

Mark M, Ghyselinck NB, Chambon P. Function of retinoic acid receptors
during embryonic development. Nucl Recept Signal. 2009;7:e002.

Nau H, ElImazar MMA. Retinoid receptors, their ligands, and teratogenesis:
synergy and specificity of effects. Chapter 16, In: The Biochemical and
Molecular Basis of Vitamin A and Retinoid Action. Nau H, Blaner W, (eds.)
Springer Science & Business Media: Berlin Heidelberg; pp. 465-479; 2012.
Allen LH, Haskell M. Estimating the potential for vitamin A toxicity in
women and young children. J Nutr. 2002;132(9 Suppl):29075-2919S.
Ganguly J. The Biochemistry of Vitamin A. CRC Press: Boca Raton, FL, 1989.
Adams J, Lammer EJ. Neurobehavioral teratology of isotretinoin. Reprod
Toxicol. 1993;7:175-177.

Kurtz PJ, Emmerling DC, Donofrio DJ. Subchronic toxicity of all-trans-
retinoic acid and retinylidene dimedone in Sprague-Dawley rats. Toxi-
cology. 1984;30:115-124.

Barbero P, Lotersztein V, Bronberg R, et al. Acitretin embryopathy: a case
report. Birth Defects Res A Clin Mol Teratol. 2004;70:831-833.

Benke PJ. The isotretinoin teratogen syndrome. JAMA. 1984;251:3267-
3269.

Masuda E, Shirai K, Maekubo K, et al. A newly established culture method
highlights regulatory roles of retinoic acid on morphogenesis and calci-
fication of mammalian limb cartilage. Biotechniques. 2015;58:318-324.
Huk DJ, Hammond HL, Kegechika H, et al. Increased dietary intake of vi-
tamin A promotes aortic valve calcification in vivo. Arterioscler Thromb
Vasc Biol. 2013;33:285-293.

Collins MD, Mao GE. Teratology of retinoids. Annu Rev Pharm Toxicol.
1999;39:399-430.

Lammer EJ, Chen DT, Hoar RM, et al. Retinoic acid embryopathy. N Engl J
Med. 1985;313:837-841.

176

55. Maeda A, Maeda T, Golczak M, et al. Involvement of all-trans-retinal in

acute light-induced retinopathy of mice. J Biol Chem. 2009;284:15173-
15183.

56. Lee SA, Belyaeva OV, Popov IK, et al. Overproduction of bioactive retinoic

acid in cells expressing disease-associated mutants of retinol dehydro-
genase 12.J Biol Chem. 2007;282:35621-35628.

57. lhara H, Shino Y, Hashizume N, et al. Decline in plasma retinol in

unconjugated hyperbilirubinemia treated with bilirubin adsorption
using an anion exchange resin. J Nutr Sci Vitaminol (Tokyo). 1998;
44:329-336.

58. Fernandez-Real JM, Moreno JM, Ricart W. Circulating retinol-binding

protein-4 concentration might reflect insulin resistance-associated iron
overload. Diabetes. 2008;57:1918-1925.

Cite this article as: Mawson AR (2016) Pathogenesis of Zika virus-
associated embryopathy, BioResearch Open Access 5:1, 171-176, DOI:
10.1089/biores.2016.0004.

J
Abbreviations Used
RA = retinoic acid
RAR = retinoic acid receptor
RBP = retinol-binding protein
ZIKV = zika virus
N

Publish in BioResearch Open Access

= Broad coverage of biomedical research

BioResearch

OPEN ACCESS = [mmediate, unrestricted online access

= Rigorous peer review

= Compliance with open access mandates
= Authors retain copyright

= Highly indexed

= Targeted email marketing

liebertpub.com/biores


http://www.liebertpub.com/biores#utm_campaign=biores&utm_medium=article&utm_source=advert

