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ABSTRACT

Background and purpose: Premature ovarian insufficiency (POI) is a disease characterized by oligomenorrhea, hy-
poestrogenism and elevated gonadotropin levels that occurs in women younger than 40 years of age. There are several
possible causes of POI, including chromosomal and genetic diseases, and autoimmune, infectious or iatrogenic events.
POI can be classified as primary (spontaneous) or secondary (iatrogenic). In this short review, we provide an overview of
possible causes associated with primary POI.

Methods: We carried out a search in the PubMed database to identify eligible studies published up to April 30th, 2020.
The search was conducted using the terms: “primary ovarian insufficiency”, “POI”, “premature ovarian insufficiency”,
“POF”, “premature ovarian failure”, “premature hypergonadotropic hypogonadism”.

Results: We analyzed randomized clinical trials in humans, as well as retrospective, comparative and observational
studies, meta-analyses and reviews, whereas we excluded case reports and papers not written in English. We evaluated
the reference lists of all the papers considered, with the aim of identifying possible additional eligible articles. The final
number of studies included in our review was 93. We focused on the following aspects: genetic causes, autoimmune
ovarian insufficiency, smoking, viruses and the role of vaccination, environmental pollutants, primary hypogonadism
without follicle depletion.

Conclusions: Early diagnosis is key in the management of young patients with primary POI, as it allows the establishment
of a proper hormone replacement therapy. In selected cases, identifying the cause is crucial in order to be able to treat
associated disorders or screen relatives. Patients with primary POl must be informed and counselled with regard to their
fertility preservation options. In the future, genetic therapies may allow an individualized approach and tailored therapies.
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Introduction

Premature ovarian insufficiency (POI) is a disease char-
acterized by oligomenorrhea, hypoestrogenism and a folli-
cle-stimulating hormone (FSH) level higher than 25 IU/L that
occurs in women younger than 40 years of age'?). It has been
suggested that POI may affect 1% of women under 40 ['341,

The term POI has replaced the older “premature ovarian
failure” because the previous definition alluded to an unexpect-
ed and acute occurrence rather than a progressive process 2.
Nevertheless, both definitions can still be found in the litera-
ture. There are several causes of POI, including chromosomal
and genetic diseases, and autoimmune, infectious or iatrogenic
events. Unfortunately, in about 75% of POI cases the cause re-
mains unknown 34,

Depending on the cause, POI can be classified as primary
(spontaneous) or secondary (iatrogenic).

From a pathogenetic point of view, primary ovarian insuf-
ficiency occurs through two major mechanisms: follicle dys-
function and follicle depletion *!. From a clinical perspective,
primary POI is a disorder in which a young woman presents
menstrual irregularity or amenorrhea.
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Although the disease is not particularly frequent in the gen-
eral population, it is crucial to make an early diagnosis, as the
consequences of primary POI, when untreated, differ from those
of other disorders characterized by menstrual irregularity, such
as polycystic ovarian syndrome or hypothalamic amenorrhea.
In fact, POI may lead to osteoporosis, ischemic heart disease,
stroke and infertility, as well as depression and anxiety 1%,

The aims of this review are to examine the factors that can
determine or contribute to primary POI, and to discuss the de-
velopments that are likely to be significant in the future, includ-
ing the desirable avenues of future research.
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Methods

In this narrative review, we provide an overview of possible
factors associated with primary POI.

We carried out a search in the PubMed database to identify
eligible studies published up to April 30", 2020. The search
was performed using the following terms: “primary ovari-
an insufficiency”, “POI”, “premature ovarian insufficiency”,
“POF”, “premature ovarian failure”, “premature hypergonad-
otropic hypogonadism”.

We analyzed randomized clinical trials in humans, togeth-
er with retrospective, comparative and observational studies,
meta-analyses and reviews, whereas we excluded case reports
and papers that were not written in English. We then evaluated
the references cited in all the papers considered with the aim of
identifying possible additional eligible articles. The final num-
ber of studies included in our review was 93.

Results

Genetic causes
POI can be associated with syndromic diseases as illustrated
in Table I.

Genes localized in the X chromosome play a crucial role
in ovarian development and functioning, as demonstrated by
studies regarding women affected by Turner syndrome; howev-
er some autosomal genes can also be involved in the pathogen-
esis of POI !9, Furthermore, even rare, isolated POI without
syndromic manifestations has been associated with single-gene
mutations (such as in DIAPH2, MBP15, BRCA2 and STAG?3)
(7211 There is some evidence for a suspected role of genetic
alterations in cases of idiopathic POIL.

Table 1 Main genetic syndromes associated with POI.

SYNDROME GENETIC DEFECTS | INCIDENCE IN POI
Turner syndrome Monosomy X (X0) 4-5%
Fragile X syndrome FMR1 3-15%
Autoimmune polyendocrine AIRE rare
syndrome
Blepharophimosis-ptosis- FOXL 2 rare
epicanthus inversus syndrome
Galactosemia GALT rare
Fanconi anemia FA rare
Congenital adrenal hyperplasia CYP17A1 rare
Ataxia telangiectasia ATM rare
Werner syndrome WRN rare
Aromatase deficiency CYP19A1 rare
FMR1 fragile X mental retardation 1; AIRE autoimmune regulator; FOXL2 forkhead box
L2; GALT galactose 1 phosphate uridyly L-transferase; FA Fanconi anemia; CYP17A1
cytochrome p 450 17A; ATM ataxia telengiectasia mutated; WRN Werner syndrome ATP-
dependent helicase; CYP19A1 cytochrome p 450 19A1.
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Turner syndrome

Turner syndrome is caused by the most common chromosomal
abnormality in females. It is clinically characterized by skele-
tal abnormalities such as short stature, micrognathia, cubitus
valgus, short neck, scoliosis, lymphedema of hands and feet,
ovarian failure and cardiovascular diseases "'

The incidence of Turner syndrome is 1:2,500 live births in
Western countries, and the disease accounts for 4-5% of POI
cases [11,12,22].

The chromosomal defect in Turner’s syndrome is partial
or total absence of the X chromosome. In 45% of cases, it is
characterized by the genotype 45X0, and in 50% by mosaicism
for 45X, but several types of X anomalies can also be involved
(e.g., isochromosome Xq, deletion of Xp or Xq) 2>,

The short stature in Turner’s syndrome is caused by hap-
loinsufficiency of the SHOX (short stature homeobox) gene,
located on both the X and the Y chromosomes, which has also
been linked to short stature in Leri-Weill dyschondrosteosis
and idiopathic short stature >,

Moreover, the X chromosome contains critical genes in-
volved in ovarian functions, such as BMP15 (“bone morphoge-
netic protein 15”) on the short arm of the X chromosome, and
FMR1 and FMR2 (“fragile X mental retardation protein”) on
the long arm %, and aneuploidy may cause a reduction in the
number and survival of oocytes 1.

In a 1966 study 7, histological sections of the gonads of
thirteen 45, X0 abortuses were compared with sections of go-
nads from diploid XX specimens and no difference was found
up to the third intrauterine month, while in the older X0 fetuses
an increase of connective tissue was found as the demonstra-
tion of accelerated follicle depletion.

A wide range of gonadal dysfunctions is observed in Turner
syndrome. Most affected women suffer from primary amenor-
rhea and absence of thelarche, while others can initially devel-
op regular menses.

In an Italian retrospective multicenter study in 522 women
with Turner syndrome, 16.1% had spontaneous pubertal de-
velopment and menarche; 30 patients had regular menses five
years after their menarche, 12 had secondary amenorrhea, and
19 had irregular menstrual cycles. Pregnancy occurred in 3 pa-
tients (3.6%) 1281,

The 2015 European Society of Endocrinology Guidelines
recommend growth hormone (GH) treatment in 4—6-year-old
girls affected by Turner syndrome and showing growth failure
or short stature, or oxandrolone from the age of 10 years if the
diagnosis of the disease is delayed ™.

Most affected women need a low-dose transdermal estradi-
ol to induce puberty, to maintain feminization during adult life,
and to reduce morbidity and mortality .

This treatment should be started at between 11 and 12 years
of age if there is no evidence of breast development, and pro-
gesterone should be added after 2 years of treatment or in the
case of breakthrough bleeding to prevent endometrial hyper-
plasia and the risk of endometrial cancer 3!,

Furthermore, the 2015 European Society of Endocrinology
guidelines recommend counseling in these young women about
the possibility of achieving spontaneous pregnancy or under-
going fertility treatment. Ultrasound imaging and a magnetic
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resonance scan of the thoracic aorta and heart before planned
pregnancy must be obtained, considering the increased cardio-
vascular risk during pregnancy 32,

In a retrospective case series of 276 women with Turner’s
syndrome, 1.4% experienced spontaneous pregnancy, 1.4%
achieved pregnancy using assisted reproduction technology,
and 0.4% both spontaneous and assisted pregnancy 1.

Fragile X syndrome

Fragile X syndrome (FXS) is an X-linked disorder characterized
by deficiency or absent levels of fragile X mental retardation
protein (FMRP), caused by a loss-of-function mutation of the
FMR1 gene, located at Xq27.3 and due to an expansion of a tri-
nucleotide (cytosine-guanine-guanine, CGG) repeat in the pro-
moter region. FMRP is an RNA-binding protein implicated in
the regulation of mRNAs involved in synaptic connections 3+,

A full mutation, defined as an expansion of >200 CGG re-
peats, leads to the classical phenotype with hypermethylation
of FMR1 with transcription silencing and FMRP reduction.

An expansion of between 55 and 200 repeats is known as
a “premutation”, and it may result in a full mutation in subse-
quent generations; in this case, in contrast with the full muta-
tion, the FMR1 gene is transcriptionally active and the classic
syndrome phenotype does not occur 371,

Fragile X syndrome is clinically characterized by physical,
cognitive and behavioral features, such as a long and narrow
face, large ears, attention deficit hyperactivity disorder, anxiety,
and autism spectrum disorder 83,

The manifestations of the syndrome are variable, depend-
ing on age, molecular variation (full mutation or premutation),
environmental influences and sex; females have less severe
manifestations than males, because of the percentage of cells
with the normal FMR1 allele on the active X chromosome that
produces FMRP 3640,

Individuals with fragile X premutations (55-200 CGG re-
peats) can develop X-associated tremor-ataxia syndrome, a dis-
order characterized by intention tremor, cerebellar ataxia and
cognitive decline; moreover, according to some authors, 20%
of affected women will develop POI #1421,

The authors of another study showed that there is a strong
relationship between age at menopause, including POI, and
premutations of the FMR1 gene: 12 to 28% of women with
premutations go through menopause before the age of 401431,

Bodega et al. " investigated the number of CGG repeat
tracts in 190 patients with POI and in a control group of 200
women with physiological menopause, and found a high prev-
alence of FMR1 premutation (range 63—163 repeats) (19 out of
190, 10%, 95% confidence interval (CI) 5.8—14.2%) in patients
with POI compared with the control population (0/200).

Sullivan et al. found significant associations between the
number of CGG repeats in the premutation range and ovarian
dysfunction and age at menopause .

The exact mechanism by which a premutation causes ovar-
ian failure is not known.

Subjects with premutations appear to have increased FMR1
mRNA expression, which probably leads to toxicity, since they
have a normal amount of protein [*6374647),

By comparison, full mutations are associated with methyl-
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ation of the FMR1 gene and a lack of transcription and protein
production; no association was found between POI and full
FMR1 mutations ¢,

In a study evaluating 11 fragile X premutation carriers with
normal menses, and 22 age-matched controls, the patients gave
daily blood samples for measurement of luteinizing hormone
(LH), FSH, estradiol, progesterone, inhibin A, and inhibin B
levels. Total cycle and follicular phase length were decreased
in fragile X premutation carriers, who showed elevated FSH
during the follicular and luteal phases, and decreased inhibin
A and progesterone in the luteal phase, whereas there was no
difference in estradiol or LH. These hormonal changes suggest
that fragile X premutation carriers, despite regular menstrual
cycles, exhibit early ovarian aging likely due to decreased fol-
licle number and functioning, as reflected by lower inhibin B,
inhibin A, and P4 levels 1481,

On this basis, the American College of Obstetricians and
Gynecologists now recommends that women with POI or an
elevated FSH level before the age of 40 without known cause
be screened for FMR1 premutations 7.

The 2016 European Society of Human Reproduction and
Embryology Guideline recommends fragile-X testing in all
women with POI, together with careful counseling, not only to
investigate the cause of POI, but also because mutation of the
FMRI1 gene could have family implications .

Galactosemia
Galactosemia is an autosomal-recessive disorder, whose classic
form is caused by deficiency of galactose-1-phosphate uridyl
transferase (GALT). It is characterized by liver, kidney, heart
and ovarian involvement!"®). The reported incidence in Western
countries is 1 in 60,000 live births 4,

Calderon et al. described more than 200 mutations in the
GALT gene .

POI is present in all women with homozygotic mutation
of this gene ¥, probably due to the toxic effects of galactose
metabolites that cause apoptosis of oocytes '),

Blepharophimosis-ptosis-epicanthus

inversus syndrome

Blepharophimosis-ptosis-epicanthus inversus syndrome (BPES)
is a rare condition caused by mutation of the forkhead box L2
gene (FOXL2) on chromosome 3. BPES is characterized by
autosomal dominant eyelid malformation, which may or may
not be associated with POF °132,

Other genes associated with POI
A heterozygous mutation in the bone morphogenic protein-15
gene (BMP15) was found in two sisters with POI. BMP15 is a
protein involved in folliculogenesis in animal models "1,
Caburet et al. "8 found a homozygous deletion in the gene
encoding stromal antigen 3 (STAG 3), in a consanguineous
Palestinian family with hereditary POI. STAG 3 encodes a pro-
tein subunit of cohesin, a protein complex that regulates pairing
and dissociation of sister chromatid during meiosis .
Furthermore, histological analysis of ovaries in female
mice with a homozygous mutation in STAG 3 showed a loss of
oocytes indicating early ovarian dysgenesis [8.
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Bione et al. identified a mutation of a human homolog of
the Drosophila melanogaster diaphanous gene (DIAPH?2) in a
family with POI

A further study " reported two sisters with XX gonadal
dysgenesis caused by mutations in the BRCA?2 at chromosome
13, leading to low protein levels and loss of repair in dou-
ble-stranded DNA breaks that occurred during meiosis. Such
findings indicate that DNA repair genes have a critical role in
ovarian development >,

Lang-Muritano et al. described a 16-year-old female with
osteoporosis, streak ovaries and primary amenorrhea due to
a loss-of-function mutation in the estrogen receptor 2 (ER2)
gene, with altered signaling of estradiol. This case suggests the
importance of ER2 in ovarian function 4.

Autoimmune ovarian insufficiency

Some authors noted that ovarian insufficiency is correlated
with adrenal insufficiency. Indeed, it was observed that some
women affected by adrenal insufficiency also had ovarian in-
sufficiency.

This clinical picture of multiple failure includes two differ-
ent syndromes of polyglandular autoimmune failure: type I and
type II. These syndromes are associated with autoantibodies
directed against multiple endocrine organs.

Moreover, myasthenia gravis may be associated with POL.
In 2004, Ryan et al., reported the case of a woman with sero-
positive myasthenia gravis who subsequently developed auto-
immune POI with antibodies against the receptor for FSH 1.

In2010,Li et al. described a patient with myasthenia gravis,
whose myasthenic symptoms were precipitated by an estrogen
treatment. They supposed that there was likely a common auto-
immune disease mechanism, although the precise pathogenesis
of these disorders remains partially obscure .

Hoek A et al.,""in 1997, reported lymphocytic infiltration of
thecal cells in women with POI associated with adrenal autoim-
munity and/or Addison's disease. In their study, they showed that
these women had autoantibodies against steroid-producing cells.

Furthermore, they also showed an autoimmune pathogen-
esis in women with idiopathic POI, in the absence of adrenal
autoimmunity or Addison's disease. Some immune abnormali-
ties could be the cause of POI in women with IDDM or Graves’
disease.

Smoking

Cigarette smoke contains polycyclic aromatic hydrocarbons
(PAHs), which bind to the aryl hydrocarbon receptor present
on the surface of granulosa cells. This binding activates the Bax
gene and cytochrome P450, which converts PAHs into other
toxic substances %601,

These molecules have a toxic effect on the ovary and on
reproductive function.

Studies regarding the association between smoking and age
at menopause and POI are conflicting: while there is increasing
evidence that smoking, being involved in diminished ovarian
reserve, influences age at menopause, its impact on the preva-
lence of POI has not been clearly demonstrated.

Sun et al. ® showed that cigarette smoking is an independ-
ent variable for earlier menopause.
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Harlow and Signorello 2, in 2000, and Parente et al.s¥, in
2008, all highlighted an association between cigarette smoking
and age at menopause onset in women.

Fleming et al., showed that menopause occurred 0.8—1.4
years earlier in 7596 women who smoked ¢4,

In 2015, Tawfik et al. highlighted that cigarette smoking
has an odds ratio of 1.8 (1.03-3.23) for the development of POI
in women (%,

Finally, a series of studies conducted by Caserta et al.,
Chang et al., and Freour et al. showed that cigarette smoking
caused a reduction in the number of antral follicles ', an in-
crease of FSH levels in blood %47, and a reduction in AMH
levels 8. The number of pack-years also correlated with these
data (6],

Viruses
There is still little evidence that a viral infection may cause
POI; indeed, a real cause-and-effect relationship has not yet
been established.
In 1975, Morrison et al. described three women with pre-
mature menopause presumably caused by mumps oophoritis ).
Subietas et al. described three postmenopausal patients
who had an ovarian infection at autopsy caused by cytomeg-
alovirus (CMV). They did not highlight clinical evidence of
hypogonadism 1.

Role of vaccination

There has been concern in the past about a possible correlation
between primary POI and human papillomavirus (HPV) vacci-
nation, albeit deriving only from isolated case reports.

A 2012 case report described a 16-year-old woman with
alteration of menses followed by a diagnosis of POI, after pap-
illomavirus vaccination with a quadrivalent HPV vaccine "'

Furthermore, Little and Ward reported three teenagers with
POI who had received quadrivalent HPV vaccination 7.

Similarly, Colafrancesco et al. documented the history of
three women who developed POI following HPV vaccination ™.

However, there is one retrospective cohort study which
investigates the association between POI and vaccines. This
study included 199,078 women who had received at least one
dose of HPV vaccine. No statistically significant increased risk
of POI (HR 0.30,95% CI: 0.07-1.36) was found after adminis-
tration of HPV, Tdap (tetanus, diphtheria, pertussis), influenza,
or meningococcus vaccination 1.

Environmental pollutants

At present, there is considerable interest in the possible influence
on ovarian function of three different factors: endocrine-disrupt-
ing chemicals (EDCs), oxidative stress and epigenetics.

Endocrine-disrupting chemicals are exogenous chemical
molecules, or mixtures of chemicals, that interfere with hor-
mone function, at any level. Their effects may be permanent
or transitory.

Oxidative stress means elevated reactive oxygen species
(ROS) production. When elevated ROS production occurs in
ovarian cells, it can damage ovarian function, determining, to-
gether with other factors, the initiation of antral follicle apop-
tosis .
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In the presence of epigenetic modifications, DNA methyla-
tion alters ovarian function. These modifications may be inher-
ited by subsequent generations 7678,

With regard to EDCs, more than 20 substances involved in
the development of POI have been identified: four pesticides,
three solvents, five compounds used in industrial chemistry,
three metals (cadmium, lead, chromium), three compounds
belonging to the family of polycyclic aromatic hydrocarbons,
methoxychlor (MXC) and bisphenol A 7).

A further 15 substances were also suggested to be related
to the development of POI, but the evidence was insufficient.
These substances may cause reduction of the follicle pool .

Phthalates, substances that remain in the environment for
several years ®, are endocrine disruptors that influence ovarian
functioning. The ovarian toxicity of phthalates on the ovary is
linked to their effects on folliculogenesis and steroidogenesis *!1.

Bisphenol A (BPA) is an estrogen mimicker that is able to
interact with estrogen receptor alpha and alter endocrine func-
tion ™%, In 2014, Richardson et al.,[58] Machtinger and Orvieto
821 "and Caserta et al. ' showed that BPA was associated with
alteration of ovarian reserve.

Exposure to herbicides and pesticides, for example si-
mazine or MXC, can determine a decrease in total ovary
weight, an element of undefined significance 84,

An epidemiological study comprising 8038 women, con-
ducted by Farr et al. in 2006, showed that the median age at
menopause was increased by 3 to 5 months in women who
lived and worked on American farms, depending on the types
of pesticides used *.

A case-control study of 1407 women, conducted by Cooper
et al., highlighted that a higher concentration in plasma of 1,1-
dichloro-2 2-bis(4-chlorophenyl) ethene, a dichlorodi-phenyl-
dichloroethylene isomer, could lower the age at menopause *.

Pan et al. showed that exposure to polychlorinated biphe-
nyls (PCBs) and dichlorodiphenyltrichloroethane (DDT) could
be a potential risk factor for POI, with women exposed to PCBs
showing higher levels of LH, and those exposed to DDT lower
levels of AMH ¥,

Zhang et al., in 2018, highlighted that the exposure to per-
fluorooctanate, perfluorooctane sulfonate, and perfluorohex-
anesulfonate in 120 Chinese women was associated with in-
creased risk of POI®81,

Primary hypogonadism without follicle depletion
There are other conditions in which genetic alterations of es-
tradiol precursor production or aromatase function may cause
POL. These disorders reduce the production of estradiol and
determine a lack of correct negative feedback on the FSH hor-
mone. Such disorders cause primary hypogonadism. They are
not associated with follicular depletion but are related to an
increase of circulating FSH.

Intraovarian modulators

Some paracrine substances can regulate ovarian reactivity to
gonadotropins. This regulation can be direct or indirect, result-
ing in reduced responsiveness of the ovary to gonadotropins.
At present, only polymorphisms in the alpha subunit of inhibin
have been identified as a possible cause of POL.
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The possible role of inhibin alpha gene variants in POI was
studied by Shelling et al. in 2001. They studied 43 women with
POI for mutations in the three inhibin genes. They found two
variants: a 1032C-->T transition in the INHssA gene in one
woman, and a 769G-->A transition in the INHalpha gene in
three women 1.

Steroidogenic enzyme defects
Some uncommon cases of POI may be related to genetic de-
fects of the enzymes involved in the biosynthesis of andros-
tenedione, estradiol and cortisol. These disorders cause low
circulating estrogen levels and, consequently, high serum FSH
levels. As a consequence, notwithstanding their normal follicle
pool, these patients present hypergonadrotropic hypogonadism.
The genes coding for these enzymes, and found to show
mutations, are steroidogenic acute regulatory enzyme (StAR)
091 "CYP17, aromatase gene °?, and NR5A1 (steroidogenic
factor 1) 19394,

FSH receptor mutations

Some cases of POI have been associated with defects in FSH
receptor (FSHR) production. These alterations lead to ineffec-
tive binding of circulating FSH with its receptor. Consequently,
in some of these cases, FSH did not activate the aromatization
of estradiol precursors. Hence, these patients were deficient in
estrogens.

This condition was studied by Aittomiki et al. in 1994 and
1995, and by Nakamura et al. in 2008.

Aittoméki mapped a locus for ovarian dysgenesis to chro-
mosome 2p and found the mutation in a C566T transition in
exon 7 of FSHR 3,

Nakamura et al. mapped a new heterozygous 662T->G mu-
tation in exon 8 in a 25-year-old woman with primary amen-
orrhea . The possible consequences on the ovarian pool of
estrogen deficiency and the subsequent effects on fertility are
far from clear.

Gs alpha subunit gene mutations

Other gene mutations possibly linked indirectly to POI may
be guanine mutations of adenylate cyclase (protein G), which
may result in alterations of adenylate cyclase activity. Patients
carrying these mutations may have an abnormal gonadal func-
tion, as protein G usually has a role in activating FSH and LH
receptors 7%,

Conclusion

In this narrative review, we have provided an overview of
possible causes associated with primary POI. There are many
possible causes of POI, including chromosomal and genetic
diseases, and autoimmune, infectious or iatrogenic events. In
about 75% of POI cases, however, the cause remains unknown.
Untreated POI may lead to estrogen deficiency complications
such as osteoporosis, ischemic heart disease, stroke and infer-
tility. Early diagnosis of POI is a challenge for gynecologists,
but recognizing the cause is the main issue. Indeed, in select-
ed cases, diagnosis of the possible cause leading to POI has
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important implications regarding the treatment of related co-
morbidities, family screening, and appropriate counseling, also
with the aim of prevention.

This literature overview underlines that early diagnosis is
key in the management of young patients suffering from pri-
mary POI, as it allows the establishment of a proper hormone
replacement therapy.

Among our group of POI patients referred to the Infertil-
ity Center of Pisa University Hospital from January 2013 to
December 2020, 51 women were evaluated. The median age
of these women was 37.5 years. Genetic counseling did not
identify a specific genetic cause of POI in these cases and all
were found to have a normal karyotype. Therefore, no further
in-depth analyses were recommended. Among the described
factors that may hypothetically lead to POI, HPV vaccination
had been performed in 4/51 (7.8%) of the patients, whereas
previous CMV infection was detected in 5/51 (9.8%). Notably,
smoking (= 5 cigarettes/day for = one year, currently or in the
past) was reported in 15/51 (29.4%) of our POI patients.

At present, there is a lack of availability of reliable and
affordable genetic and molecular tests in public infertility
centers, and the investigation of environmental pollutant agents
is still challenging.

As a consequence, the only directly modifiable factor lead-
ing to POl in the general population is cigarette smoking, mak-
ing it crucial to target our efforts against this habit.

Patients with primary POI must be informed and counseled
with regard to their fertility preservation options. In the future,
genetic therapies may allow an individualized approach and
tailoring of therapies.

References

1. De Vos M, Devroey P, Fauser BC. Primary ovarian insufficiency.
Lancet. 2010;376:911-21.

2. Woad KJ, Watkins WIJ, Prendergast D, Shelling AN. The genetic
basis of premature ovarian failure. Aust N Z J Obstet Gynaecol.
2006;46:242-4.

3. Coulam CB, Adamson SC, Annegers JF. Incidence of premature
ovarian failure. Obstet Gynecol. 1986;67:604-6.

4. Lumsden MA, Davies M, Sarri G; Guideline Development Group
for Menopause: Diagnosis and Management (NICE Clinical Guide-
line No. 23). Diagnosis and management of menopause: the National
Institute of Health and Care Excellence (NICE) Guideline. JAMA
Intern Med. 2016;176:1205-6.

5. Nelson LM. Clinical practice. Primary ovarian insufficiency. N Engl
J Med. 2009;360:606-14.

6. Howard BV, Kuller L, Langer R, et al; Women's Health Initiative.
Risk of cardiovascular disease by hysterectomy status, with and
without oophorectomy: the Women's Health Initiative Observational
Study. Circulation. 2005;111:1462-70.

7. Mondul AM, Rodriguez C, Jacobs EJ, Calle EE. Age at natural meno-
pause and cause-specific mortality. Am J Epidemiol. 2005;162:1089-97.

8. Alzubaidi NH, Chapin HL, Vanderhoof VH, et al. Meeting the needs
of young women with secondary amenorrhea and spontaneous pre-
mature ovarian failure. Obstet Gynecol. 2002;99:720-5.

9. Anasti JN, Kalantaridou SN, Kimzey LM, Defensor RA, Nelson
LM. Bone loss in young women with karyotypically normal sponta-
neous premature ovarian failure. Obstet Gynecol. 1998;91:12-5.

10. de Kleijn MJ, van der Schouw YT, Verbeek AL, Peeters PH, Banga
JD, van der Graaf Y. Endogenous estrogen exposure and cardiovas-

90

cular mortality risk in postmenopausal women. Am J Epidemiol.
2002;155:339-45.

11.  Elsheikh M, Dunger DB, Conway GS, Wass JA. Turner's syndrome
in adulthood. Endocr Rev. 2002;23:120-40.

12.  Zinn AR, Ross JL. Turner syndrome and haploinsufficiency. Curr
Opin Genet Dev. 1998;8:322-7.

13.  Waggoner DD, Buist NR, Donnell GN. Long-term prognosis in ga-
lactosaemia: results of a survey of 350 cases. J Inherit Metab Dis.
1990;13:802-18.

14.  Murphy M, McHugh B, Tighe O, et al. Genetic basis of trans-
ferase-deficient galactosaemia in Ireland and the population history
of the Irish Travellers. Eur ] Hum Genet. 1999;7:549-54.

15. Calderon FR, Phansalkar AR, Crockett DK, Miller M, Mao R.
Mutation database for the galactose-1-phosphate uridyltransferase
(GALT) gene. Hum Mutat. 2007;28:939-43.

16.  Chen YT, Mattison DR, Feigenbaum L, Fukui H, Schulman JD. Re-
duction in oocyte number following prenatal exposure to a diet high
in galactose. Science. 1981;214:1145-7.

17. Di Pasquale E, Beck-Peccoz P, Persani L. Hypergonadotrop-
ic ovarian failure associated with an inherited mutation of human
bone morphogenetic protein-15 (BMP15) gene. Am J Hum Genet.
2004;75:106-11.

18. Caburet S, Arboleda VA, Llano E, et al. Mutant cohesin in premature
ovarian failure. N Engl J Med. 2014;370:943-9.

19. Garcia-Cruz R, Briefio MA, Roig I, et al. Dynamics of cohesin pro-
teins REC8, STAG3, SMC1 beta and SMC3 are consistent with a
role in sister chromatid cohesion during meiosis in human oocytes.
Hum Reprod. 2010;25:2316-27.

20. Bione S, Sala C, Manzini C, et al. A human homologue of the
Drosophila melanogaster diaphanous gene is disrupted in a patient
with premature ovarian failure: evidence for conserved function in
oogenesis and implications for human sterility. Am J Hum Genet.
1998;62:533-41.

21.  Weinberg-Shukron A, Rachmiel M, Renbaum P, et al. Essential role
of BRCA2 in ovarian development and function. N Engl J Med.
2018;379:1042-9.

22.  Wolff DJ, Van Dyke DL, Powell CM; Working Group of the ACMG
Laboratory Quality Assurance Committee. Laboratory guideline for
Turner syndrome. Genet Med. 2010;12:52-5.

23.  Sybert VP, McCauley E. Turner's syndrome. N Engl J Med. 2004;
351:1227-38.

24. Jorge AA, Funari MF, Nishi MY, Mendonca BB. Short stature caused
by isolated SHOX gene haploinsufficiency: update on the diagnosis
and treatment. Pediatr Endocrinol Rev. 2010;8:79-85.

25. Ross JL, Kowal K, Quigley CA, et al. The phenotype of short stat-
ure homeobox gene (SHOX) deficiency in childhood: contrasting
children with Leri-Weill dyschondrosteosis and Turner syndrome. J
Pediatr. 2005;147:499-507.

26. Toniolo D, Rizzolio F. X chromosome and ovarian failure. Semin
Reprod Med. 2007;25:264-71.

27. Singh RP, Carr DH. The anatomy and histology of XO human em-
bryos and fetuses. Anat Rec. 1966;155:369-83.

28. Pasquino AM, Passeri F, Pucarelli I, Segni M, Municchi G. Spontane-
ous pubertal development in Turner's syndrome. Italian Study Group
for Turner's Syndrome. J Clin Endocrinol Metab. 1997;82:1810-3.

29. Gravholt CH, Andersen NH, Conway GS, et al; International Turn-
er Syndrome Consensus Group. Clinical practice guidelines for the
care of girls and women with Turner syndrome: proceedings from
the 2016 Cincinnati International Turner Syndrome Meeting. Eur J
Endocrinol. 2017;177:G1-G70.

30. Gravholt CH, Viuff MH, Brun S, Stochholm K, Andersen NH. Turn-
er syndrome: mechanisms and management. Nat Rev Endocrinol.
2019;15:601-14.

31. Klein KO, Rosenfield RL, Santen RJ, et al. Estrogen replacement in
Turner syndrome: literature review and practical considerations. J
Clin Endocrinol Metab. 2018;103:1790-803.

32. Donadille B, Bernard V, Christin-Maitre S. How can we make preg-
nancy safe for women with Turner syndrome? Am J Med Genet C
Semin Med Genet. 2019;181:100-7.

Gynecological and Reproductive Endocrinology and Metabolism 2021; 2(2):85-92



33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

Hadnott TN, Gould HN, Gharib AM, Bondy CA. Outcomes of spon-
taneous and assisted pregnancies in Turner syndrome: the U.S. Na-
tional Institutes of Health experience. Fertil Steril. 2011;95:2251-6.
Hagerman RJ, Berry-Kravis E, Kaufmann WE, et al. Advances in the
treatment of fragile X syndrome. Pediatrics. 2009;123:378-90.
Rooms L, Kooy RF. Advances in understanding fragile X syndrome
and related disorders. Curr Opin Pediatr. 2011;23:601-6.

Hagerman RJ, Berry-Kravis E, Hazlett HC, et al. Fragile X syn-
drome. Nat Rev Dis Primers. 2017;3:17065.

Nolin SL, Brown WT, Glicksman A, et al. Expansion of the fragile X
CGG repeat in females with premutation or intermediate alleles. Am
J Hum Genet. 2003;72:454-64.

Reiss AL, Hall SS. Fragile X syndrome: assessment and treatment
implications. Child Adolesc Psychiatr Clin N Am. 2007;16:663-75.
Visootsak J, Warren ST, Anido A, Graham JM Jr. Fragile X syn-
drome: an update and review for the primary pediatrician. Clin Pedi-
atr (Phila). 2005;44:371-81.

McConkie-Rosell A, Lachiewicz AM, Spiridigliozzi GA, et al. Evi-
dence that methylation of the FMR-I locus is responsible for variable
phenotypic expression of the fragile X syndrome. Am J Hum Genet.
1993;53:800-9.

Sherman S, Pletcher BA, Driscoll DA. Fragile X syndrome: diagnos-
tic and carrier testing. Genet Med. 2005;7:584-7.

Jacquemont S, Hagerman RJ, Leehey M, et al. Fragile X premutation
tremor/ataxia syndrome: molecular, clinical, and neuroimaging cor-
relates. Am J Hum Genet. 2003;72:869-78.

Allingham-Hawkins DJ, Babul-Hirji R, Chitayat D, et al. Fragile X
premutation is a significant risk factor for premature ovarian failure:
the International Collaborative POF in Fragile X study--preliminary
data. Am J Med Genet. 1999;83:322-5.

Bodega B, Bione S, Dalpra L, et al. Influence of intermediate and
uninterrupted FMR1 CGG expansions in premature ovarian failure
manifestation. Hum Reprod. 2006;21:952-7.

Sullivan AK, Marcus M, Epstein MP, et al. Association of FMR1
repeat size with ovarian dysfunction. Hum Reprod. 2005;20:402-12.
Kenneson A, Zhang F, Hagedorn CH, Warren ST. Reduced FMRP
and increased FMRI transcription is proportionally associated with
CGG repeat number in intermediate-length and premutation carriers.
Hum Mol Genet. 2001;10:1449-54.

Tassone F, Hagerman RJ, Taylor AK, Gane LW, Godfrey TE, Hag-
erman PJ. Elevated levels of FMR1 mRNA in carrier males: a new
mechanism of involvement in the fragile-X syndrome. Am J Hum
Genet. 2000;66:6-15.

Welt CK, Smith PC, Taylor AE. Evidence of early ovarian ag-
ing in fragile X premutation carriers. J Clin Endocrinol Metab.
2004;89:4569-74.

American College of Obstetricians and Gynecologists Committee on
Genetics. ACOG committee opinion. No. 338: Screening for fragile
X syndrome. Obstet Gynecol. 2006;107:1483-5.

European Society for Human Reproduction and Embryology
(ESHRE) Guideline Group on POI, Webber L, Davies M, Anderson
R, et al. ESHRE Guideline: management of women with premature
ovarian insufficiency. Hum Reprod. 2016;31:926-37.

Beysen D, De Paepe A, De Baere E. FOXL2 mutations and genomic
rearrangements in BPES. Hum Mutat. 2009;30:158-69.

Persani L, Rossetti R, Cacciatore C. Genes involved in human pre-
mature ovarian failure. J Mol Endocrinol. 2010;45:257-79.

Long DT, Réschle M, Joukov V, Walter JC. Mechanism of RAD51-
dependent DNA interstrand cross-link repair. Science. 2011; 333:84-7.
Lang-Muritano M, Sproll P, Wyss S, et al. Early-onset complete ovar-
ian failure and lack of puberty in a woman with mutated Estrogen Re-
ceptor 3 (ESR2). J Clin Endocrinol Metab. 2018;103:3748-56.

Ryan MM, Jones HR Jr. Myasthenia gravis and premature ovarian
failure. Muscle Nerve. 2004;30:231-3.

Li Y, Xiao B, Xiao L, Zhang N, Yang H. Myasthenia gravis accom-
panied by premature ovarian failure and aggravation by estrogen.
Intern Med. 2010;49:611-3.

Hoek A, Schoemaker J, Drexhage HA. Premature ovarian failure and
ovarian autoimmunity. Endocr Rev. 1997;18:107-34.

Gynecological and Reproductive Endocrinology and Metabolism 2021; 2(2):85-92

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Factors leading to primary ovarian insufficiency: a literature overview

Richardson MC, Guo M, Fauser BC, Macklon NS. Environmental
and developmental origins of ovarian reserve. Hum Reprod Update.
2014;20:353-69.

Camlin NJ, McLaughlin EA, Holt JE. Through the smoke: use of in
vivo and in vitro cigarette smoking models to elucidate its effect on
female fertility. Toxicol Appl Pharmacol. 2014;281:266-75.
Matikainen T, Perez GI, Jurisicova A, et al. Aromatic hydrocarbon
receptor-driven Bax gene expression is required for premature ovar-
ian failure caused by biohazardous environmental chemicals. Nat
Genet. 2001;28:355-60.

Sun L, Tan L, Yang F, et al. Meta-analysis suggests that smoking is
associated with an increased risk of early natural menopause. Meno-
pause. 2012;19:126-32.

Harlow BL, Signorello LB. Factors associated with early meno-
pause. Maturitas. 2000;35:3-9.

Parente RC, Faerstein E, Celeste RK, Werneck GL. The relationship
between smoking and age at the menopause: a systematic review.
Maturitas. 2008;61:287-98.

Fleming LE, Levis S, LeBlanc WG, et al. Earlier age at menopause,
work, and tobacco smoke exposure. Menopause. 2008;15:1103-8.
Tawfik H, Kline J, Jacobson J, et al. Life course exposure to smoke
and early menopause and menopausal transition. Menopause.
2015;22:1076-83.

Caserta D, Di Segni N, Mallozzi M, et al. Bisphenol A and the female
reproductive tract: an overview of recent laboratory evidence and
epidemiological studies. Reprod Biol Endocrinol. 2014;12:37.
Chang SH, Kim CS, Lee KS, et al. Premenopausal factors influ-
encing premature ovarian failure and early menopause. Maturitas.
2007;58:19-30.

Freour T, Masson D, Mirallie S, et al. Active smoking compromises
IVF outcome and affects ovarian reserve. Reprod Biomed Online.
2008;16:96-102.

Morrison JC, Givens JR, Wiser WL, Fish SA. Mumps oophoritis: a
cause of premature menopause. Fertil Steril. 1975;26:655-9.
Subietas A, Deppisch LM, Astarloa J. Cytomegalovirus oophoritis:
ovarian cortical necrosis. Hum Pathol. 1977,8:285-92.

Little DT, Ward HR. Premature ovarian failure 3 years after me-
narche in a 16-year-old girl following human papillomavirus vacci-
nation. BMJ Case Rep. 2012;2012:bcr2012006879.

Little DT, Ward HR. Adolescent premature ovarian insufficien-
cy following human papillomavirus vaccination: a case series
seen in general practice. J Investig Med High Impact Case Rep.
2014;2:2324709614556129.

Colafrancesco S, Perricone C, Tomljenovic L, Shoenfeld Y. Human
papilloma virus vaccine and primary ovarian failure: another facet of
the autoimmune/inflammatory syndrome induced by adjuvants. Am
J Reprod Immunol. 2013;70:309-16.

Naleway AL, Mittendorf KF, Irving SA, et al. Primary ovarian insuffi-
ciency and adolescent vaccination. Pediatrics. 2018;142:€20180943.
Luderer U. Ovarian toxicity from reactive oxygen species. Vitam
Horm. 2014;94:99-127.

Uzumcu M, Zama AM, Oruc E. Epigenetic mechanisms in the actions
of endocrine-disrupting chemicals: gonadal effects and role in female
reproduction. Reprod Domest Anim. 2012;47 Suppl 4:338-47.
Nilsson E, Larsen G, Manikkam M, Guerrero-Bosagna C, Savenko-
va MI, Skinner MK. Environmentally induced epigenetic transgen-
erational inheritance of ovarian disease. PLoS One. 2012;7:¢36129.
Manikkam M, Guerrero-Bosagna C, Tracey R, Haque MM, Skin-
ner MK. Transgenerational actions of environmental compounds on
reproductive disease and identification of epigenetic biomarkers of
ancestral exposures. PLoS One. 2012;7:e31901.

Béranger R, Hoffmann P, Christin-Maitre S, Bonneterre V. Occu-
pational exposures to chemicals as a possible etiology in premature
ovarian failure: a critical analysis of the literature. Reprod Toxicol.
2012;33:269-79.

Heudorf U, Mersch-Sundermann V, Angerer J. Phthalates: toxicolo-
gy and exposure. Int J Hyg Environ Health. 2007;210:623-34.
Hannon PR, Flaws JA. The effects of phthalates on the ovary. Front
Endocrinol (Lausanne). 2015;6:8.

91



Basile S et al

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92

Machtinger R, Orvieto R. Bisphenol A, oocyte maturation, implan-
tation, and IVF outcome: review of animal and human data. Reprod
Biomed Online. 2014;29:404-10.

Park S,Kim S, Jin H, Lee K, Bae J. Impaired development of female
mouse offspring maternally exposed to simazine. Environ Toxicol
Pharmacol. 2014;38:845-51.

El-Sharkawy EE, Kames AO, Sayed SM, et al. The ameliorative ef-
fect of propolis against methoxychlor induced ovarian toxicity in rat.
Exp Toxicol Pathol. 2014;66:415-21.

Farr SL, Cai J, Savitz DA, Sandler DP, Hoppin JA, Cooper GS. Pes-
ticide exposure and timing of menopause: the Agricultural Health
Study. Am J Epidemiol. 2006;163:731-42.

Cooper GS, Savitz DA, Millikan R, Chiu Kit T. Organochlorine expo-
sure and age at natural menopause. Epidemiology. 2002;13:729-33.
Pan W, Ye X, Yin S, et al. Selected persistent organic pollutants as-
sociated with the risk of primary ovarian insufficiency in women.
Environ Int. 2019;129:51-8.

Zhang S, Tan R, Pan R, et al. Association of perfluoroalkyl and poly-
fluoroalkyl substances with premature ovarian insufficiency in Chi-
nese women. J Clin Endocrinol Metab. 2018;103:2543-51.

Shelling AN, Burton KA, Chand AL, et al. Inhibin: a candidate gene
for premature ovarian failure. Hum Reprod. 2000;15:2644-9.

Lin D, Sugawara T, Strauss JF 3rd, et al. Role of steroidogenic acute
regulatory protein in adrenal and gonadal steroidogenesis. Science.
1995;267:1828-31.

Mallin SR. Congenital adrenal hyperplasia secondary to 17-hydrox-
ylase deficiency. Two sisters with amenorrhea, hypokalemia, hyper-
tension, and cystic ovaries. Ann Intern Med. 1969;70:69-75.

92.

93.

94.

95.

96.

97.

98.

99.

Ito Y, Fisher CR, Conte FA, Grumbach MM, Simpson ER. Mo-
lecular basis of aromatase deficiency in an adult female with sex-
ual infantilism and polycystic ovaries. Proc Natl Acad Sci U S A.
1993:;90:11673-7.

Lourenco D, Brauner R, Lin L, et al. Mutations in NR5A1 associated
with ovarian insufficiency. N Engl J Med. 2009;360:1200-10.

Janse F, de With LM, Duran KJ, et al; Dutch Primary Ovarian In-
sufficiency Consortium. Limited contribution of NR5A1 (SF-1) mu-
tations in women with primary ovarian insufficiency (POI). Fertil
Steril. 2012;97:141-6.¢2.

Aittomiki K, Lucena JL, Pakarinen P, et al. Mutation in the folli-
cle-stimulating hormone receptor gene causes hereditary hypergon-
adotropic ovarian failure. Cell. 1995;82:959-68.

Nakamura Y, Maekawa R, Yamagata Y, Tamura I, Sugino N. A
novel mutation in exon8 of the follicle-stimulating hormone re-
ceptor in a woman with primary amenorrhea. Gynecol Endocrinol.
2008;24:708-12.

Shapiro MS, Bernheim J, Gutman A, Arber I, Spitz IM. Multiple
abnormalities of anterior pituitary hormone secretion in association
with pseudohypoparathyroidism. J Clin Endocrinol Metab. 1980;51:
483-7.

Levine MA, Downs RW Jr, Moses AM, et al. Resistance to multiple
hormones in patients with pseudohypoparathyroidism. Association
with deficient activity of guanine nucleotide regulatory protein. Am
J Med. 1983;74:545-56.

Faull CM, Welbury RR, Paul B, Kendall-Taylor P. Pseudohypopar-
athyroidism: its phenotypic variability and associated disorders in a
large family. Q J Med. 1991;78:251-64.

Declaration of interest statement: The authors report no conflicts of interest.

Gynecological and Reproductive Endocrinology and Metabolism 2021; 2(2):85-92



