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Abstract

hormonal, and estrus cycle changes.

Background: Development of a hyper-gonadotropic hypoestrogenism condition in women < 40 years, defined as
premature ovarian insufficiency (POI), is the most common long-term complication in female survivors of
galactosemia. In this systematic review, summarize the galactose (GAL) induced POI in rat and mice models.

Methods: For this systematic review, we conducted a search of case control studies published from 1990 until
August 2018 in PubMed/Medline, and Web of science, using the descriptors in the title/abstract field. A ‘pearl
growing’ strategy was employed whereby, after obtaining the full text articles, reference lists of all included studies
(n = 14) were reviewed for additional publications that could be used.

Results: We selected and categorized 14 studies according to the time of exposure to GAL into two groups of
prenatal (n =4) and postnatal (n = 10). Findings of these studies showed that the different stages of follicular
development are targeted differently by galactose exposure during the prenatal and postnatal periods: The small
follicles (primordial and primary follicles) are targeted by galactose toxicity during prenatal exposure and the pre-
antral and antral follicles are targeted by galactose toxicity during postnatal exposure.

Conclusions: This systematic review shows that galactose has an ovotoxicity effect that can be used to induce
appropriate POI animal models only if sufficient doses, proper onset time, and duration of prenatal exposure are
taken into account. An optimized model of POl induction should manifest all the required ovarian morphological,

Keywords: Galactose, Premature ovarian insufficiency, Animal models, Systematic review

Introduction

Development of hyper-gonadotropic hypoestrogenism
symptoms in women < 40 years of age is defined as prema-
ture ovarian failure (POF), a condition more recently
referred to as “premature ovarian insufficiency” (POI) [1].
About 1% of general populations suffer from POI [2]. Con-
current estrogen secretory interruption from inner theca
cells and granulosa cells in ovarian follicles predisposes
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these women to some morbidities such as ischemic heart
disease, coronary heart disease, osteoporosis, cognitive
impairment, and mood disorders [3—6]—adverse effects
which occur at earlier ages in POI women. In 90% of cases
the etiology of POI is unknown [7]; the well-documented
factors genetic include abnormalities (Turner syndrome,
fragile X syndrome), immunological disorders (Cushing
syndrome, autoimmune thyroiditis), and enzymatic defects
(galactosemia) [8]. POI can be the result of iatrogenic
factors including radiotherapy, chemotherapy, and pelvic
surgery [9, 10]. Cigarette smoking, chemicals, pesticides
and viruses may also have detrimental effects on ovarian
tissue, resulting in POI [11, 12].
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POI can also occur due to follicular depletion or dysfunc-
tion [13, 14]. In the follicle depletion type of POI, women
experience a progressive reduction in ovarian follicle pools
that ultimately leads to complete ovarian follicular deple-
tion. In the follicle dysfunction type of POI, oophoritis may
occur; in some cases; however, despite the presence of very
few primordial follicles—the main difference between POI
and resistant ovary syndrome—the remaining follicles do
not respond to gonadotropins, a condition described as re-
sistant ovary syndrome (ROS) that may have a pathogenesis
different from that of POI [15].

Despite the huge impact of POI on public health and
quality of life of the women affected, its pathophysiology is
uncertain, because of which POI cannot be prevented or
cured yet. Animal models give us the opportunity to
comprehensively explore the hypothesized pathogenesis.
Although several efforts have been made to introduce an
optimum model for POI, these models have several limita-
tions. In some models POI was induced through oophorec-
tomy, a model which cannot mimic spontaneous POI
because the transitional period of ovarian depletion has
been neglected.

Galactosemia—a rare genetic metabolic disorder that
affects an individual’s ability to metabolize sugar galact-
ose—is associated to POI Lactose, the main sugar of
milk and dairy products, is composed of two monosac-
charides: galactose and glucose [16]. For galactose me-
tabolism, three enzymes are involved in the Leloir
pathway: galactokinase (GALK), galactose 1-phosphate
uridylyltransferase (GALT), and UDP-galactose 4 epim-
erase (GALE) [17]; the last product of this pathway is
UDP-glucose, which is used in glycation [18]. Another
pathway in galactose metabolism is mediated by aldose
reductase; the final product is galactitol, which is well
documented to be involved in cataract formation [19].
POI is the most common long-term complication in sur-
vivors of galactosemia [20]. Accumulated galactose
(GAL) in the absence of GALT in galactosemic women
has an ovotoxic effect and finally leads to accelerated
depletion in ovarian follicle reserve and the occurrence
of POI [20]. Ovotoxicity, the hallmark of galactose, has
led to the use of this monosaccharide to induce animal
POI modeling interventions; however inducing an
animal model using an ovotoxic agent with no serious
damage to other organs is a challenging task.

So far several animal POI models using GAI have been
introduced, each with some advantages and limitations, but
none provide a comprehensive picture of POL In this
systematic review, we summarize these GAL-induced POF
rat models.

Materials and methods
In this systematic review, we searched PubMed (1990-
2018, and Web of Science (1990-2018) for relevant
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manuscripts, using the following keywords: “premature
ovarian failure OR premature ovarian insufficiency OR
primary ovarian insufficiency OR hyper gonadotropic
ovarian failure OR gonadotropin resistant ovary syn-
drome OR premature menopause AND galactose OR D
galactose AND animal OR animals AND model OR
models” in the title/abstract field. Search limitations
were other animals and publication languages other than
English. Search strategies were almost similar for all da-
tabases, since they were conducted based on the ‘all
fields” in PubMed and ‘titles, abstracts and keywords’ in
other databases. A ‘pearl growing’ strategy was employed
whereby, after obtaining the full text articles, the refer-
ence lists of all studies included were reviewed for add-
itional publications that could be used in this review.
We excluded articles not exclusively related to the main
objective of the present study, including data abstracts,
review articles, editorials, letters, non-English manuscripts,
and articles of rat models of POI induced by any other fac-
tors except GAL. Figure 1 illustrates the flowchart of the
search strategy and study selection. Two reviewers (M.R.D
and M.N.), in close consultation with the senior reviewer
(ER.T.), extracted data from full text articles; they double-
checked all data extracted to minimize errors. For each
study, the following information was extracted: number
and appearance of ovarian follicles (primordial, primary,
preantral, antral, atretic follicles, corpus luteum), hormonal
findings, including ovarian follicles stimulating hormones
(FSH), estrogen (E2), inhibin B, and anti-mullerian
hormone (AMH); body weight, appearance, weight and
size of ovaries, time of puberty (vaginal opening), and
changes in estrus cycles.

Quality assessment

We appraised all studies included for this systematic re-
view for the quality of their methodological and result
presentation using the gold standard publications check-
list (GSPC) introduced by Hooijmans et al. [21]. Two re-
viewers (M.R.D. and M.N.), blinded to study authors,
institution, and journal name, assessed the quality of the
studies separately. Disagreements were resolved and set-
tled by the senior reviewer (F.R.T.).

Results

We selected and categorized 14 studies according to
time of exposure to GAL into two groups: prenatal (n =
4) and postnatal (n = 10). Ten of the selected studies had
developed their POI animal models by feeding them dif-
ferent percentages of GAL (20-50%); four studies had
used injections of GAL (Table 1).

Prenatal galactose exposure models
Our search strategy finally retrieved four studies using
prenatal-induced POI models following galactose exposure
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[14, 22-24]. Results, in terms of ovarian morphological
changes, gonadotropins and sexual hormones, puberty
manifestations, and changes in estrus cycles are summa-
rized in Table 1. All of these models used feeding at differ-
ent doses of GAL (35 to 50%).

Ovarian morphological changes

Results of the studies show that exposure to galactose
during the embryonic period reduces the number of
primordial and primary follicles and alters the develop-
ment of the ovaries by two pathways: increase in the
number of apoptotic cells and decrease immigration of
primordial germ cells (PGC) [14, 22—-24].

It has been shown that feeding galactose (35%) from the
third day of pregnancy till the end of the lactation period
increases the number of apoptotic follicles in the ovaries of
pups and that the toxic effect of galactose disrupts the mi-
gration of germ cells from the yolk sac to the gonads, and
the intervention group basically faces poor ovarian reserves
[23]. Compared to controls, there was no significant differ-
ence in the number of preantral and antral follicles in GAL
prenatal exposure [22]. The greatest reduction in the num-
ber of small follicles occurred when the galactose interven-
tion was implemented before the fifteenth day of
pregnancy, before the end of the meiosis period, because
intervention after the end of meiosis does not affect the
number of small follicles [22]. Therefore, the premeiotic
stages (< 16 % days of gestational period) of oogenesis are
the most critical period for changes in oocyte numbers.
The decrease in oocyte numbers is the result of attenuation

in the migration, proliferation, and differentiation of prim-
ordial germ cells [22, 23]. Since prenatal exposure to gal-
actose before the 15th day of the embryonic period
reduces the number of primordial germ cells’ migration to
the future sites of gonads, female pups are born with re-
duced ovarian follicle reserve [23]. Ovulation is affected by
galactose exposure during the prenatal and weaning pe-
riods; the low number of corpus luteumn and Graafian folli-
cles are a result of a decrease in primordial follicles and an
increase in the number of atretic follicles [14].

Biochemical and metabolic changes

Two studies reported an increase in the levels of gal-
actose and galactose 1-phosphate in female pups pre-
natally exposed to galactose [14, 22]; although this
increase was observed in those exposed in the wean-
ing and gestational periods, it was less prominent in
the embryonic period [22]. Liver epimerase and Gal-
Tase activity were also reduced in the galactose ex-
posure group [23, 24].

Hormonal changes

Hormonal changes were investigated in only two prenatal
GAL exposure studies [14, 24] that reported that this
exposure was associated with an increase in serum FSH
and a decrease in estrogen levels; moreover, FSH bioactiv-
ity in the galactose feeding group was decreased despite
no changes in the bioactivity of granulosa cells [25].
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Growth rate, vaginal opening, & estrus cycle changes
Regardless of the time of exposure [14, 24], prenatal ex-
posure to GAL during both the embryonic and weaning
periods disrupted the growth rate and were more wors-
ened than during the embryonic period [22]. Delays in va-
ginal opening were reported in a group of infants exposed
to galactose from the 3rd to the 9th days of gestational
age, a delay however not observed in the group exposed to
galactose from the 15th day of pregnancy [22]; another
study reported delays in opening of the vagina exposed to
galactose from the third day to weaning [14].

Changes in estrous cycles have not been investigated
in any study of galactose exposure that had occurred
during the prenatal period.

Postnatal galactose exposure models

We retrieved 10 related studies on postnatal interven-
tions using galactose for POI induction and their find-
ings are summarized in Table 2. Data on postnatal GAL
are inconclusive as different mice, different doses, and
methods of use of galactose (feeding/injection) were
used to induce the POI models. Since the breed and the
dose used in studies were not the same, the results of
each study have been reported separately.

Ovarian morphological changes

Feeding with galactose (35 to 50%) reduces the number
of corpora lutea as an ovulation index [26, 28, 35]. Des-
pite not mentioning the time of administration of GAL
in one study [28], all mice aged 4 to 6 weeks that were
exposed to galactose for 2 to 6 week, suffered reduced
ovulation [26, 30, 35]. In a group of mice fed with galact-
ose for 7 weeks, ovulation returned to normal status 1
week after receiving standard food; the findings indi-
cated that galactose effects on ovulation had been tem-
porarily delayed and that ovulation had returned to
normal with galactose-free feeding.

The side effects of galactose activity on growing folli-
cles included the following: reduction in the number of
granulosa cells [30], with an increase in the number of
atretic granulose cells [27, 28], absence of Graafian folli-
cles without the presence of zona pellucida [31], or the
presence of a greater number of small diameter follicles,
and reduction of internal theca cells along with an in-
crease of external theca cells [32]. In two studies the
apoptosis numbers in granulosa cells increased following
feeding of 35% galactose [28], a finding not observed
with feeding of 20% galactose [34],; neither did the use
of high-lactose food as a source of galactose have similar
effects on ovarian follicles [33]. The effect of galactose
on the growth of oocytes in cell culture was not found
to be significantly different from the control group the
effects were relatively poor [29].
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Biochemical and metabolic changes

The effects of galactose feeding on different biochemical
parameters including galactose, galactose 1-phosphate,
galactitol, albumin, and total protein levels have been in-
vestigated in three studies [28, 30, 35], all of which re-
ported that these parameters and ovarian galactitol
content were significantly higher in the galactose inter-
vention groups than in control groups.

Hormonal changes

The hormonal profiles of galactose exposure have been
investigated in several studies [22, 27, 30-32], that re-
ported this exposure to be associated with a significant
increase in gonadotropins, FSH, and LH [27, 31, 32], and
with a decrease in estradiol [27, 30, 32]. Exposure to
20% galactose did not change the serum estradiol and
progesterone levels, indicating that the hormone changes
were also dependent on galactose doses [34]. Surpris-
ingly, the only study reporting a reduction in serum FSH
levels was the Zhang et al. study [28] in which feeding
animals 35% galactose not only reduced serum FSH
levels but did not show any changes in serum estradiol
and LH; no justification for this finding was reported in
the study.

Changes in the level of anti-mullerian hormone
(AMH) as an indicator of the ovarian follicular reserve
was investigated in a single postnatal study [27], the re-
sults of which found that in comparison to the control
group, mRNA expression of AMH in the study group
was significantly reduced.

Growth rate, vaginal opening, & estrus cycle changes

Body weight loss and decline in growth rates in
galactose-exposed animals have been reported in most
studies [28, 30, 33, 35]; however, in one study [31],
weight gain was reported in mice receiving 500 mg/kg/
day for 45 days of galactose injection; a major difference
in this study was the age of initiation of intervention in
3-month-old mice that received injectable galactose for
45 days.

Only two studies examined the estrus cycles of postna-
tal animals under galactose exposure; both studies re-
ported changes in estrus cycles [31, 33], which were
disrupted in mice aged >3 months.

Discussion

This study summarizes the current evidence available on
the biochemical, hormonal, morphological, and clinical
manifestations of prenatal/postnatal exposure of rats and
mice to galactose. It should be noted that all these stud-
ies were performed on animals that did not have any en-
zyme deficiency. Findings of these studies showed that
the different stages of follicle development are targeted
differently by galactose exposure during prenatal and



Page 6 of 10

(2019) 12:96

Rostami Dovom et al. Journal of Ovarian Research

/yblam-
snian sAep / 15e| 3y} 1oy
pue Touoisaboid Ajlep 221m1 abeaeb Aq aujjes jewlou
K1eno 173 wnuiawWopua paJa3SIuILLIpPe A[JUBIIUIODUOD pue (sKep (L€l
lybem 394> snolisa IHSA a2yl ppionjjad buoz oN (Wuswiealr G 1oj p/B¥/Bul 00 95010eEH-T YUM 910Z e 1@
NN Apog ay1 1dnusig H1 Jo Aydony S9|DI||04 UeLERID) ON SAep Gi 191Je) SYIUoW € A|snoaueIndgns paaful ‘adiu [N Jnodiebueyy
T1ybrom
luonenussuod KlenQ
[o1deen  Tybiem 15)192 esojnuelb (Bulueam Jaje Aj21elpawul) 95010e[eb [0€] 2661
ueneAQ Apog 4N (CUDEIN uN 1 uonenro ¥¢-1Z ANd'evsgnd aid %0t Aq Buipaay 1e1 gs e 13 Jake
NEEIWAETNE TS|
uolleIniew 314200 Uo as03ejeb HIEsR:ENI
- JO 9dUINPUI 3Y3 ‘IN3Nd SWOS pue SURIQUISU [eseq OJ)IA Ul pue aIn3nd
JO ¢ Aep 1e A1DIX01 JeIndi||0) eI YuM (Wl 0g1-001) "950108e6-q |W/Bw §
SNOIAQO 1IGIYXa 10U Sa0p 5||92 esojnueib Jo siake] omy '2In3n> 3|21||04 [elrueald 621 /10T
uN YN (CURREIN (W) ¥N YN 1 uswdolensp ap21|0) uqiyul yam sapiljjoy [ennueaid AluQ 'SKep v L—CL 'SPUGAY L4 YDl |8 32 Bueyz
Kieno
ul abueyd
|ea160joyred S3J21||04 |esrue
SNOIAQO ON Ul 914200 aJn1ew oN
ldL (@sN) ¢3 snJan Ul (e}
lav Mg (@SN) H1  Aujewwouge 1(dodv) 29 (Buipasy skep 0/ 10} '35010e|e6 [82] 9102
11vo (D) (W) UN THS4 ON (O3IN) 0O 19ye sAep 0/) (WI)'iANd %€ Buipasy (;90e) ‘1w WY |e 19 bueyz
(\av)
1 uolssaidxa
VYNYW HAY
1d 'skep ¢y 104
13 Kep/By/Ow 0oz 95010e(eb
H1 1 Dov (uonuansul @ paafur Alsnosueindgns lLad 810t
N dN (Wr) ¥N LHSA dN T 4Ad skep ¢y Jaye) sypam g/ ‘pabe ‘ad1w 3jewsy 9/19/5D e 1oz uex
(APY) (Quswieail Jaye Aep ayl)
UOBINAO-12dNS U3yl 499 | Joy
Buipasy piepuels Jeinbal usyl
‘SHIM / 10} BuIpaa g dio
(Juawiiealy Jaye Aep ay3)
uopenAciadns uayl ‘M 9
pue ‘4’z 104 Buipas4 4 di
(S22M 7 1) Soam XIs 10)
9s010e[eb Ag Bulpasy ¢ din
(SH22M Q1) SaM JInoy Joy
(DN) 9suodsal A101e|nNAo G din 9s010e[eb Ag Bulpasy iz din
4N dio 1 (S19am @)
1s asuodsas A1ozeinao ‘17D din SY99M OM] J0J 950108 |eD 9DH pue DNH Ag uonenaciadns [07] 8861
4N €L din (W) YN (wr) uN uN 1D €7’ 1din Aq Bulpaay|dio 'seam g ‘as010e[eb 905 Ag Buipaa) ‘ediW SUYM  “[e 18 ZHemS
puiuado
S9dURQUNISIP 1yblam leuibea o|yoid sabueyd Abojoisiy
, (Burdwes
J110GRIDN Apog  ‘9|pAd snis3 [euowoH  9dueseaddy |eo16ojoydiow ueler) 10 360) 53 (5) dnoib (s194)

s3nsay

Ul JUsW1ea] 18 aby

Jusuileall R ulensg

194 Joyiny

|0d 40} S|2poW [ewiue padnpul-2s01de(eb A|jeieulsod z ajqeL



Page 7 of 10

(2019) 12:96

Rostami Dovom et al. Journal of Ovarian Research

|eliue ainjew alow) s9|

914200 1s3|[BWS) SI)

asesaysuenyjfsoroelen) asppo ‘(Aianoe asesswida JaAIT) 37 ‘sisordody JOdV ‘SIS0IdaN DIN ‘914200 00 ‘(9211104

|04 db4eT 47 ‘(WNJJUE OU pey pue s||9d Jejndl||o4 JO JaAe| BUO UeY) diow AQ papunolins s314300 BuIMOIB)S3D1j0) WNIP3N W ‘(5|19 Je[ndi|joy Jo JaKe| 3|buls e ueyy aiow ou Aq papunouns
0y |lews 45 ‘Buiuado jeuibep OA ‘91940 snuys3 D7 ‘ulsioid [RI0] dI ‘UluNngy gy ‘@seIdnpal 3soply PY|Y ‘[oHIdeen 1po ‘peydsoyd-| asoide[en d-(-/pD ‘as01de[en) YD ‘S1ed YIMoID Yo ‘yBiam

Apog mg ‘pariodal 10N YN ‘SH9M M ‘Asimeq anbeids gs ‘aseasdul Juedyiubls oN SN ‘Saduiayip 1uediiubis oN gSN ‘95ea1d9p Juediiubis = T ‘aseasdul Juedyiubls = | ‘paAIasqo = (+) ‘PIAISSCO OuU = (—) (S|03u0d
YUM 9DUJ4IP uedIubIs ou) abueyd oN DN ‘s||90 esojnuelb 11911y DDV ‘S||9d esojnueln) Do ‘|dI1||0) DR 41V ‘Winain| sndiod 7D ‘BJ1||0) [AUY SV ‘DJ21||04 [elauedld {yald ‘D|1]|0) Alewld Hld ‘S3[21|[04 [eIpiowd JNd
‘s||92 wisb [eipiowid IDd ‘SnosueIND gng s ‘BU0Ja1s960Id 4 ‘|oIpeIIs] 7 ‘duowloy buiziuieinT {7 ‘Suowioy bunejnwiis aja1jj04 HS4 ‘uonenwi (wr7) ‘ebeiueapy (Apy) ‘dnoib gns din-s ‘dnoin dip ‘Aep |ereuisod gNd

ON)
snuan
pue (4218] Y 81) ODH 4918| Y 8F
ueleAO 'DSING 121P VO SYeam + Al diD
HaAn (1919] Y€1) DDH Joel Y 8Y
Im ‘DSWd 19IP TYD SPam 7 it i
us9(ds (421] Y4 8) DDH Jole| Y 8
Im ‘OSIN 121P YD $YPam 1 1t diD
Asupry painj p10dio SWwn|joA (12281 Y 8¥) (6:001/N105) DDH pue
areydsoyd ) 1 vaynj I0diod  DSNG HBIP VD Pam 1 A (6.001/N10S) DS AG pamoj|o} ‘syam 193]
-1-95010€[eb Mg (W) YN (CUDEIN (W) YN 100 pa1enAQ 'SHOIM H—¢ 1 10} 95012€[ED 940G AQ BUIP94 ‘QS €007 ‘[e 12 1!
T 1brom (hav)
snia1N uoleINAOC auoJa1saboid
(ON) snoaueluods pue [olpelIss JO
M S3UBAQ 1SJl}  SUONPJIUSDUOD 1 s9pijj04 Buimoib uoN
ON) 2U1 21043q wniss DN J12y
Wbrem Suop sey  ay1 ul sebueyd DN [elpiowild [€] 900¢
dN Apog Apmis ayl  juedyubis ou (W) dN 1 s3J21jj0} [RAIUE pUR BUIMOID (0¥ ANd)'plo-Aep-Lz 131p 950108[eb 9607 ‘S1e) SURAZ-BUO ‘e19 N
(+)
1ybram
Kieno S9WO02IN0 UONUSAISIUI 10§
ysaly abe 191€| SYIUOW USAIS ‘DUljaseq Joy abe
pasealnu| 4O syluow S9PDI||O4 [eAIUE pUP 4O syluow 7 1e Abojoydiow saier)
T 3ybrom Gwol  (ON) [olpeiis] "Buimoib ‘eipiowud jo Jaquinu 9s501e 6 6L/ TH) [e€] sooz
NN Apog D3 Jenbaull T auolsisaboid 91 Ul S9OUISHIP 1uedLIubIS ON (1238] Yruow /) ‘pjo-skep-sz 191p 95010e| YOIH ‘sied suen3-buo ‘e 19 NN
| sapijjo4 Ateruay ui sjj2d
PI3] PUIDIX JO J2qUINU Y|
1 sapljjo4 Aleiuay ul sjj2d
£J3Y}1 BUJRIUI JO JaQUINU 3y |
1 s3pijjoy
Alepuodas jo uonodold -abened Ag (Aep/asnoud/|ul €0) uonn|
1 sobeis |e -05 BN-DWD %50 PaAIedas osje dnoib
1€ S9P2I||04 UBLIBAO JO J219Wel] ay1 ‘suoidaful 9s01oeeb-g JO Aep Y105
123 SPI||04 I3|[PWS 01 1517 9Y3 USaMISG pue ‘skep 0S 104
THAY SI2GUINU 31|04 PadNPaY (Kep/asnowl/|ul 7.0 ‘aules Ul PIAJOSSIP)
H1 04 D12J43R IO (auawiealn sAep 0g Jo 95010e[ED-g BY/BW 007 JO UondS(U| [z€] 8102
YN (W) UN (W) YN LHSA uN |0} 2INjBW ON  pu2 ay) pjo-4aam 1ybIS 01 XIS di Ajle@ ‘1w snym bujwuny e 12 buep
Tybrom
Apoq
puiuado
SadURQUNISIP 1ybram leuiben a|yoid sabueyd Abojoisiy
, (Burdwes
bll{ele[ I Apog ‘9D snis3 [euowloH  9dueseaddy |eo1bojoydiow ueuea) 10 36e) 3 (5) dnoib (5534)

snsay

Ul Juswiieasy e aby

1UBWIRRA 19 UlRAS

1eaA Joyiny

(PaNUHUOD) |Od 104 S|PPOW [WiUR PIdNPUI-950108[eD A|[e1eUlsOd T ajqeL



Rostami Dovom et al. Journal of Ovarian Research (2019) 12:96

postnatal periods; small follicles (primordial and primary
follicles) are targeted by galactose toxicity during pre-
natal exposure; the pre-antral and antral follicles are bat-
tered during postnatal galactose exposure.

A review of oogenesis and folliculogenesis suggests
that the evolution of the human reproductive system ini-
tiates from the fifth week of the gestational period with
the migration of germ cells from the yolk sac to the future
gonadal ridge and their transformation to oogonia. The
increase in numbers of oogonia continues with mitotic di-
visions, and after reaching the right number (around the
third month of pregnancy) they transformed to the pri-
mary oocytes. After completing the synapses and recom-
bining the divisions, the divisions cease and do not go
through the remaining stages of meiosis. The primary oo-
cyte consists of a flat cell line derived from the ovarian
stroma located around the nucleus. Human females re-
ceive a finite pool of follicles during fetal development.
Early accelerated depletion of ovarian follicles may result
in the reduction of follicular ovarian reserve due to de-
creased migration of germ cells to the gonads or acceler-
ated apoptosis rates of follicles. Both hypothesis have been
investigated in animal models during different prenatal or
postnatal periods in experimental studies.

Galactose exposure applies its destructive effect on oo-
cytes through several pathways; apparently, folliculogen-
esis from initiation to growth development is affected by
galactose. Prenatal galactose exposure disrupts the migra-
tion of primordial follicles during the embryonic period
[23]. In mice and rats, primordial germ cells arrive at the
genital ridge and are divided by mitosis until around 13.5
days postcoitum [36]; exposure to galactose from the third
day of pregnancy in rats can lead to a decrease in the
number of migrating follicles to the gonadal area, resulting
in poor ovarian reserves in female pups; bioactivity of FSH
is also reduced by galactose toxicity [25], subsequently re-
ducing the number of growing follicles and resulting in
decreased production of estradiol by the granulosa cells,
similar to that observed in POI women. Follicular growth
disturbances that are characterized by (1) decrease in
theca internal cells, (2) increase in the number of theca ex-
ternal cells, and (3) destruction of the zona pellucida,
under the influence of galactose in the first months after
birth, lead to a decrease in the number of follicles and an
increase in the number of non-effective small follicles.
This results in a lack of mature follicles and subsequently
in estrogen production deficiency; it seems that primordial
follicles during fetal development are targets of galactose
toxicity; the attenuation in follicle development during
this period leads to the absence of antral follicles and ovu-
lation in the following stages [32].

The ovotoxicity effect of galactose on oocytes during
postnatal interventions is most probably applied through
down-regulation of the growth differentiation factor-9
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(GDF-9) in the rat ovary [34]. Data provide strong evi-
dence that follicle growth is suppressed by autocrine and
paracrine products derived from oocytes and granulosa
cells; the growth differentiation factor-9 (GDF-9), which
is expressed in oocytes, plays a main role in the
gonadotropin-independent phase in folliculogenesis [37].
High galactose feeding after weaning, but before onset of
the first spontaneous estrus cycle, down-regulates the
GDF-9 expression in follicles and inhibits follicular de-
velopment [34].

Another hypothesis for early reduction of ovarian folli-
cles is the increase in follicular apoptosis, which is a nor-
mal process for removing excess ovarian cells and is
necessary for ovary development [38]. Granulosa cells
are the major cell types undergoing apoptosis in ovarian
follicles [38]. Induced apoptosis in experimental in vivo
and in vitro studies successfully designed by deprivation
of gonadotropins result in atretic changes in large antral
follicles [39]. Estrogens play a very important role in the
regulation of the death of ovarian cells by preventing
apoptosis [40]. Estrogen and androgen production de-
crease in the atretic follicles of rats [41]. In both pre-
natal and post-natal studies, the induction with 35% gal-
actose (but not 20%) increases apoptosis in granulosa
cells and decreases the rate of estrogen secretion [24,
34]. However, in one study, despite an increase in apop-
tosis induced by galactose, no decrease in estrogen levels
were observed [28]. By increasing apoptotic follicles and
reducing estrogen production, galactose toxicity plays a
major role in the development of primary ovarian insuf-
ficiency due to early depletion of ovarian follicles.

In female rats and mice the correct time of puberty
(vaginal opening, estrus cycle, and ovulation) is
dependent on the normal development of the hypothal-
amic- pituitary-ovarian axis [42]. The vaginal opening in
rats is affected by various variables, including environ-
mental factors, hormones, and body weight to the extent
that in mice with body weight < 60 g, the vaginal opening
usually does not occur [43]. Early underfeeding by high
galactose may change both fetal programming and organ
development [44]. Losing body weight (galactose in-
duced) both in prenatal and postnatal experiments has
been reported, whereas vaginal opening was delayed only
in those animals prenatally exposed to galactose between
days 1-9 [22], indicating that weight loss may not be the
only factor in the delay of vaginal opening and probably
other factors, including endocrine disrupters (followed
by galactose toxic effects on the ovary) are involved.

Conclusion

Galactose has an ovotoxicity effect if administered in
sufficient doses, at proper onset times and duration of
prenatal exposure, and can be used to induce appropri-
ate POI animal models. An optimized model of POI
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induction should manifest all the required ovarian mor-
phological, hormonal, and estrus cycle changes.

Abbreviations

AMH: Anti mullerian hormone; E2: Estrogen; FSH: Follicles stimulating
hormones; GAL: Galactose; GALE: UDP-galactose 4 epimerase;

GALK: Galactokinase; GALT: Galactose 1-phosphate uridylyltransferase; GDF-
9: Growth differentiation factor-9; GSPC: Gold standard publications checklist;
PGC: Primordial germ cells; POF: Premature ovarian failure; POI: Premature
ovarian insufficiency; ROS: Resistant ovary syndrome

Acknowledgements
The authors wish to acknowledge Ms. Niloofar Shiva for critical editing of
English grammar and syntax of the manuscript.

Authors’ contributions

This study was drafted by MRD, MN, and the search strategy was developed

by senior reviewer FRT. It was initially revised following critical review by FRT,
NM, AZV and AP, and then by all co-authors. All authors read and approved

the final manuscript.

Funding

This systematic review research was supported by a Research Affairs of
Shahid Beheshti University of medical Sciences grant no: 354-96.02.10/2547
(MRD).

Availability of data and materials
All relevant data are within the paper.

Ethics approval and consent to participate

This study was approved by the institutional review board and ethics
committee of the Research Institute for Endocrine Sciences (RIES), Shahid
Beheshti University of Medical Sciences, Tehran- Iran (354-96.10.02/33).

Consent for publication
Not applicable. This study was not conducted on human participants.

Competing interests
The authors declare that they have no competing interests.

Author details

'Reproductive Endocrinology Research Center, Research Institute for
Endocrine Sciences, Shahid Beheshti University of Medical Sciences, N.24
Shahid Arabi st. Yaman Ave. Velenjak, Tehran, IR, Iran. 2Departmem of
Immunology, School of Medicine, Shahid Beheshti University of Medical
Sciences, Tehran, Iran. *Cellular and Molecular Endocrine Research Center,
Research Institute for Endocrine Sciences, Shahid Beheshti University of
Medical Sciences, Tehran, Iran. 4Urogeni‘[al Stem Cell Research Center, Shahid
Beheshti University of Medical Sciences, Tehran, Iran. >Department of Biology
and Anatomical Sciences, School of Medicine, Shahid Beheshti University of
Medical Sciences, Tehran, Iran.

Received: 8 May 2019 Accepted: 10 September 2019

References

1. Welt CK. Primary ovarian insufficiency: a more accurate term for premature
ovarian failure. Clin Endocrinol (Oxf). 2008;68(4):499-509. https://doi.org/10.
1111/).1365-2265.2007.03073 x.

2. Luborsky JL, Meyer P, Sowers MF, Gold EB, Santoro N. Premature
menopause in a multi-ethnic population study of the menopause transition.
Hum Reprod. 2003;18(1):199-206. https://doi.org/10.1093/humrep/deg005.

3. Tao XY, Zuo AZ, Wang JQ, Tao FB. Effect of primary ovarian insufficiency
and early natural menopause on mortality: a meta-analysis. Climacteric.
2016;19(1):27-36. https://doi.org/10.3109/13697137.2015.1094784.

4. Wellons M, Ouyang P, Schreiner PJ, Herrington DM, Vaidya D. Early
menopause predicts future coronary heart disease and stroke: the multi-
ethnic study of atherosclerosis. Menopause (New York, NY). 2012;19(10):
1081-7. https://doi.org/10.1097/gme.0b013e3182517bd0.

20.

22.

23.

24.

25.

26.

27.

Page 9 of 10

Anagnostis P, Siolos P, Gkekas NK, et al. Association between age at
menopause and fracture risk: a systematic review and meta-analysis.
Endocrine. 2018. https://doi.org/10.1007/512020-018-1746-6.

Ryan J, Scali J, Carriere |, et al. Impact of a premature menopause on
cognitive function in later life. BJOG. 2014;121(13):1729-39. https.//doi.org/
10.1111/1471-0528.12828.

Vujovic S. Aetiology of premature ovarian failure. Menopause Int. 2009;15(2):
72-5. https://doi.org/10.1258/mi.2009.009020.

Ebrahimi M, Akbari Asbagh F. Pathogenesis and causes of premature
ovarian failure: an update. Int J Fertil Ster. 2011,5(2):54-65. https://doi.org/10.
17140/WHOJ-3-121.

Bedoschi G, Navarro PA, Oktay K. Chemotherapy-induced damage to ovary:
mechanisms and clinical impact. Future Oncol. 2016;12(20):2333-44. https://
doi.org/10.2217/fon-2016-0176.

Jin' M, Yu Y, Huang H. An update on primary ovarian insufficiency. Sci China
Life Sci. 2012;55(8):677-86. https;//doi.org/10.1007/511427-012-4355-2.
Cosgrove CM, Salani R. Ovarian effects of radiation and cytotoxic
chemotherapy damage. Best Pract Res Clin Obstet Gynaecol. 2018. https://
doi.org/10.1016/j.bpobgyn.2018.07.008.

Hoyer PB. Damage to ovarian development and function. Cell Tissue Res.
2005;322(1):99-106. https://doi.org/10.1007/500441-005-1083-y.

Jankowska K. Premature ovarian failure. Przeglad Menopauzalny =
Menopause Review. 2017;2:51-6. https://doi.org/10.5114/pm.2017.68592.
Bandyopadhyay S, Chakrabarti J, Banerjee S, et al. Galactose toxicity in the
rat as a model for premature ovarian failure: an experimental approach
readdressed. Hum Reprod. 2003;18(10):2031-8. https://doi.org/10.1093/
humrep/deg414.

Liu T, Li Q, Wang S, Chen C, Zheng J. Transplantation of ovarian
granulosalike cells derived from human induced pluripotent stem cells for
the treatment of murine premature ovarian failure. Mol Med Rep. 2016;
13(6):5053-8. https://doi.org/10.3892/mmr.2016.5191.

Silanikove N, Leitner G, Merin U. The interrelationships between lactose
intolerance and the modern dairy industry: global perspectives in
evolutional and historical backgrounds. Nutrients. 2015;7(9):7312-31. https://
doi.org/10.3390/nu7095340.

Holden HM, Rayment |, Thoden JB. Structure and function of enzymes of
the Leloir pathway for galactose metabolism. J Biol Chem. 2003;278(45):
43885-8. https://doi.org/10.1074/jbc.R300025200.

Adeva-Andany MM, Gonzalez-Lucan M, Donapetry-Garcfa C, Ferndndez-
Ferndndez C, Ameneiros-Rodriguez E. Glycogen metabolism in humans. BBA
Clin. 2016;5:85-100. https://doi.org/10.1016/j.bbacli.2016.02.001.

Dai G, Zhang P, Ye P, et al. The Chemopreventive peptide Lunasin inhibits
d-galactose- induced experimental cataract in rats. Protein Pept Lett. 2016;
23(7):619-25. https.//doi.org/10.2174/0929866523666160505121047.
Fridovich-Keil JL, Gubbels CS, Spencer JB, Sanders RD, Land JA, Rubio-
Gozalbo E. Ovarian function in girls and women with GALT-deficiency
galactosemia. J Inherit Metab Dis. 2011;34(2):357-66. https://doi.org/10.1007/
$10545-010-9221-4.

Hooijmans CR, Leenaars M, Ritskes-Hoitinga M. A gold standard publication
checklist to improve the quality of animal studies, to fully integrate the
three Rs, and to make systematic reviews more feasible. Altern Lab Anim.
2010;38(2):167-82. https://doi.org/10.1258/1a.2010.010130.

Chen YT, Mattison DR, Feigenbaum L, Fukui H, Schulman JD. Reduction in
oocyte number following prenatal exposure to a diet high in galactose.
Science (New York, NY). 1981,214(4525):1145-7. https://doi.org/10.1126/
science.7302587.

Bandyopadhyay S, Chakrabarti J, Banerjee S, et al. Prenatal exposure to high
galactose adversely affects initial gonadal pool of germ cells in rats. Hum
Reprod. 2003;18(2):276-82. https://doi.org/10.1093/humrep/deg058.
Banerjee S, Chakraborty P, Saha P, Bandyopadhyay SA, Banerjee S, Kabir SN.
Ovotoxic effects of galactose involve attenuation of follicle-stimulating
hormone bioactivity and up-regulation of granulosa cell p53 expression.
PLoS One. 2012;7(2):¢30709. https://doi.org/10.1371/journal.pone.0030709.
Banerjee S, Banerjee S, Saraswat G, Bandyopadhyay SA, Kabir SN. Female
reproductive aging is master-planned at the level of ovary. PLoS One. 2014;
9(5):€96210. https://doi.org/10.1371/journal.pone.0096210.

Swartz WJ, Mattison DR. Galactose inhibition of ovulation in mice. Fertil
Steril. 1988;49(3):522-6. https://doi.org/10.1016/50015-0282(16)59784-2.

Yan Z, Dai Y, Fu H, et al. Curcumin exerts a protective effect against
premature ovarian failure in mice. J Mol Endocrinol. 2018;60(3):261-71.
https://doi.org/10.1530/jme-17-0214.


https://doi.org/10.1111/j.1365-2265.2007.03073.x
https://doi.org/10.1111/j.1365-2265.2007.03073.x
https://doi.org/10.1093/humrep/deg005
https://doi.org/10.3109/13697137.2015.1094784
https://doi.org/10.1097/gme.0b013e3182517bd0
https://doi.org/10.1007/s12020-018-1746-6
https://doi.org/10.1111/1471-0528.12828
https://doi.org/10.1111/1471-0528.12828
https://doi.org/10.1258/mi.2009.009020
https://doi.org/10.17140/WHOJ-3-121
https://doi.org/10.17140/WHOJ-3-121
https://doi.org/10.2217/fon-2016-0176
https://doi.org/10.2217/fon-2016-0176
https://doi.org/10.1007/s11427-012-4355-2
https://doi.org/10.1016/j.bpobgyn.2018.07.008
https://doi.org/10.1016/j.bpobgyn.2018.07.008
https://doi.org/10.1007/s00441-005-1083-y
https://doi.org/10.5114/pm.2017.68592
https://doi.org/10.1093/humrep/deg414
https://doi.org/10.1093/humrep/deg414
https://doi.org/10.3892/mmr.2016.5191
https://doi.org/10.3390/nu7095340
https://doi.org/10.3390/nu7095340
https://doi.org/10.1074/jbc.R300025200
https://doi.org/10.1016/j.bbacli.2016.02.001
https://doi.org/10.2174/0929866523666160505121047
https://doi.org/10.1007/s10545-010-9221-4
https://doi.org/10.1007/s10545-010-9221-4
https://doi.org/10.1258/la.2010.010130
https://doi.org/10.1126/science.7302587
https://doi.org/10.1126/science.7302587
https://doi.org/10.1093/humrep/deg058
https://doi.org/10.1371/journal.pone.0030709
https://doi.org/10.1371/journal.pone.0096210
https://doi.org/10.1016/S0015-0282(16)59784-2
https://doi.org/10.1530/jme-17-0214

Rostami Dovom et al. Journal of Ovarian Research

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

(2019) 12:96

Zhang T, Yan D, Yang Y, et al. The comparison of animal models for

premature ovarian failure established by several different source of inducers.

Regul Toxicol Pharmacol. 2016;81:223-32. https://doi.org/10.1016/j.yrtph.
2016.09.002.

Zhang T, Chen Y, Yang Y, et al. The potentiality of two-dimensional
preantral follicle culture as an in vitro model in predicting premature
ovarian failure. Exp Toxicol Pathol. 2017,69(7):477-84. https://doi.org/10.
1016/j.etp.2017.04.010.

Meyer WR, Doyle MB, Grifo JA, et al. Aldose reductase inhibition prevents
galactose-induced ovarian dysfunction in the Sprague-Dawley rat. Am J
Obstet Gynecol. 1992;167(6):1837-43. https://doi.org/10.1016/0002-
9378(92)91784-8.

Ahangarpour A, Najimi SA, Farbood Y. Effects of Vitex agnus-castus fruit on
sex hormones and antioxidant indices in a d-galactose-induced aging
female mouse model. J Chin Med Assoc. 2016;79(11):589-96. https://doi.
0rg/10.1016/}jcma.2016.05.006.

Wang JL, Liu B, Zhang C, et al. Effects of icariin on ovarian function in d-
galactose-induced aging mice. Theriogenology. 2018;125:157-67. https://
doi.org/10.1016/j.theriogenology.2018.10.028.

Liu G, Shi F, Blas-Machado U, et al. Ovarian effects of a high lactose diet in
the female rat. Reprod Nutr Dev. 2005;45(2):185-92. https://doi.org/10.1051/
rnd:2005010.

Liu G, Shi F, Blas-Machado U, et al. Dietary galactose inhibits GDF-9
mediated follicular development in the rat ovary. Reprod Toxicol (Elmsford,
NY). 2006;21(1):26-33. https://doi.org/10.1016/j.reprotox.2005.07.001.

Lai KW, Cheng LY, Cheung AL, O WS. Inhibitor of apoptosis proteins and

ovarian dysfunction in galactosemic rats. Cell Tissue Res. 2003;311(3):417-25.

https://doi.org/10.1007/500441-002-0689-6.

McLaren A. Germ and somatic cell lineages in the developing gonad. Mol
Cell Endocrinol. 2000;163(1-2):3-9. https.//doi.org/10.1016/50303-
7207(99)00234-8.

Elvin JA, Yan C, Matzuk MM. Oocyte-expressed TGF-beta superfamily
members in female fertility. Mol Cell Endocrinol. 2000;159(1-2):1-5. https://
doi.org/10.1016/50303-7207(99)00185-9.

Chun SY, Hsueh AJ. Paracrine mechanisms of ovarian follicle apoptosis. J
Reprod Immunol. 1998;39(1-2):63-75. https://doi.org/10.1016/S0165-
0378(98)00013-8.

Bill CH 2nd, Greenwald GS. Acute gonadotropin deprivation. I. a model for
the study of follicular atresia. Biol Reprod. 1981,24(4):913-21. https.//doi.org/
10.1095/biolreprod24.4.913.

Billig H, Furuta I, Hsueh AJ. Estrogens inhibit and androgens enhance
ovarian granulosa cell apoptosis. Endocrinology. 1993;133(5):2204-12.
https://doi.org/10.1210/endo.133.5.8404672.

Braw RH, Tsafriri A. Follicles explanted from pentobarbitone-treated rats
provide a model for atresia. J Reprod Fertil. 1980,59(2):259-65. https://doi.
0rg/10.1530/jrf.0.0590259.

Halasz B, Koves K, Molnar J, Balika K, Stoll V, Kovacs G. Hypothalamus and
puberty. Brain Res Bull. 1988;20(6):709-12. https://doi.org/10.1016/0361-
9230(88)90081-0.

Rivest RW. Sexual maturation in female rats: hereditary, developmental and
environmental aspects. Experientia. 1991;47(10):1027-38. https://doi.org/10.
1007/BF01923338.

Lucas A. Programming by early nutrition: an experimental approach. J Nutr.
1998;128(2 Suppl):401s-6s. https://doi.org/10.1093/jn/128.2.401S.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1016/j.yrtph.2016.09.002
https://doi.org/10.1016/j.yrtph.2016.09.002
https://doi.org/10.1016/j.etp.2017.04.010
https://doi.org/10.1016/j.etp.2017.04.010
https://doi.org/10.1016/0002-9378(92)91784-8
https://doi.org/10.1016/0002-9378(92)91784-8
https://doi.org/10.1016/j.jcma.2016.05.006
https://doi.org/10.1016/j.jcma.2016.05.006
https://doi.org/10.1016/j.theriogenology.2018.10.028
https://doi.org/10.1016/j.theriogenology.2018.10.028
https://doi.org/10.1051/rnd:2005010
https://doi.org/10.1051/rnd:2005010
https://doi.org/10.1016/j.reprotox.2005.07.001
https://doi.org/10.1007/s00441-002-0689-6
https://doi.org/10.1016/S0303-7207(99)00234-8
https://doi.org/10.1016/S0303-7207(99)00234-8
https://doi.org/10.1016/S0303-7207(99)00185-9
https://doi.org/10.1016/S0303-7207(99)00185-9
https://doi.org/10.1016/S0165-0378(98)00013-8
https://doi.org/10.1016/S0165-0378(98)00013-8
https://doi.org/10.1095/biolreprod24.4.913
https://doi.org/10.1095/biolreprod24.4.913
https://doi.org/10.1210/endo.133.5.8404672
https://doi.org/10.1530/jrf.0.0590259
https://doi.org/10.1530/jrf.0.0590259
https://doi.org/10.1016/0361-9230(88)90081-0
https://doi.org/10.1016/0361-9230(88)90081-0
https://doi.org/10.1007/BF01923338
https://doi.org/10.1007/BF01923338
https://doi.org/10.1093/jn/128.2.401S

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Quality assessment

	Results
	Prenatal galactose exposure models
	Ovarian morphological changes
	Biochemical and metabolic changes
	Hormonal changes
	Growth rate, vaginal opening, & estrus cycle changes

	Postnatal galactose exposure models
	Ovarian morphological changes
	Biochemical and metabolic changes
	Hormonal changes
	Growth rate, vaginal opening, & estrus cycle changes


	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

