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Abstract

Alcohol (ALC) is a drug that is capable of disrupting reproductive function in adolescent humans,
as well as immature rhesus monkeys and rats. Critical to determining the mechanism(s) of the
effects of ALC on the pubertal process is to have a better understanding of the important events
involved in the initiation of puberty. For years it has been hypothesized that there may be
metabolic signals capable of linking somatic growth to the activation of the reproductive system at
the time of puberty. In recent years it has been shown that insulin-like growth factor-1 (IGF-1) is
one such signal that plays an early role in the pubertal process. In this review, we will describe the
actions and interactions of ALC and IGF-1 on molecular and physiological processes associated
with pubertal development.
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The age at mammalian puberty is governed by central inputs controlling the synthesis and
secretion of luteinizing hormone releasing hormone (LHRH) within the preoptic and
hypothalamic regions of the brain. Importantly, there is a diurnal increase in the pulsatile
secretion of LHRH at the time of puberty in both humans and laboratory animals. This
increased release is the result of the activation of the LHRH pulse generator (Ojeda and
Terasawa, 2002; Plant, 2002), resulting in the surge of prepubertal LHRH release into portal
blood (Sarkar and Fink, 1979). The increased secretion of this peptide is responsible for
further stimulation of pituitary gonadotropin output, resulting in ovarian maturation. The
central inputs responsible for influencing LHRH secretion at this time of development are
made up of both inhibitory and stimulatory components. The inhibitory components, such as
gamma aminobutyric acid (GABA) and opioid peptides (Terasawa, 1999; Terasawa and
Fernandez, 2001) are thought to be responsible for applying a brake on puberty during
childhood. The stimulatory components, such as norepinephrine (Sarkar et al., 1981)
excitatory amino acids (Claypool et al., 2000; Urbanski and Ojeda, 1990), leptin (Dearth et
al., 2000), TGF-a (Ojeda et al., 1990), insulin-like growth factor-1 (IGF-1) (Hiney et al.,
1991, 1996), and the kisspeptins (Navarro et al., 2004a) are responsible for driving LHRH
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secretion until sexual maturity. While these are all endogenous substances that influence
peripubertal LHRH secretion, there are also exogenous influences such as drugs of abuse
like alcohol (ALC) (Dissen et al., 2004; Hiney and Dees, 1991), and environmental
substances like manganese (Lee et al., 2007), that can also act as inhibitors or stimulators,
respectively, on LHRH secretion and pubertal development.

As we will detail herein, IGF-1 is beginning to stand out as one of the excitatory
components playing an early, perhaps initiatory role, in events leading to enhanced LHRH
secretion and the onset of puberty. Conversely, ALC has been shown to disrupt specific
important events in the pubertal process. This is important since there has been a growing
trend indicating that ALC use and abuse often occurs during early adolescence (Johnson et
al., 2006). The increasing incidence of ALC use by adolescents is noteworthy because it
represents a potentially vulnerable time for these youth, since their tolerance to the drug is
likely low. While case reports involving ALC use by adolescent humans are limited in
number and scope, it has been revealed that ALC can cause altered puberty-related
hormones in adolescent boys and girls (Block et al., 1993; Diamond et al., 1986). Therefore,
there is a risk for ALC to alter specific genes and hormones known to be important at a
critical time of growth and development. In recent years, both rats and rhesus monkeys have
been used as animal models to more closely assess the effects of ALC on puberty- related
events. Thus, the purpose of this mini-review is to discuss the results of research using these
animal models with regard to the effects of ALC and IGF-1 at the time of puberty.
Furthermore, we will describe important novel interactions between these two substances on
specific hormones and on a recently defined gene system associated with prepubertal LHRH
secretion and the subsequent acquisition of reproductive competence.

EFFECTS OF ALC ON KEY HYPOTHALAMIC AND PITUITARY HORMONES
AND THE TIMING OF PUBERTY

Initial studies revealed that chronic ALC exposure caused delayed puberty in both male
(Ramaley, 1982) and female (Bo et al., 1982) rats, and in male mice (Anderson et al., 1981).
Subsequently, immature female rats were used to correlate the ALC-induced delayed
puberty with alterations in specific hormones known to be involved with sexual maturation.
In this regard, vaginal opening (VO) as well as the time to first diestrus was markedly
delayed, and the serum levels of growth hormone (GH) and luteinizing hormone (LH) were
depressed following chronic, prepubertal ALC exposure (Dees and Skelley, 1990).
Interestingly, the serum concentration of follicle stimulating hormone (FSH) was not
affected, demonstrating the same differential effect of ALC on gonadotropin secretion
previously shown in adult female rats (Dees and Kozlowski, 1984; Dees et al., 1985). Since
GH and LH are important for ovarian maturation, it was not surprising that studies have also
shown that ALC causes suppressed prepubertal levels of serum estradiol (E,) (Bo et al.,
1982; Srivastava et al., 1999). An important study using immature rhesus monkeys revealed
that chronic exposure to a low dose of ALC also altered critical puberty-related hormones.
In this regard, the serum levels of GH were suppressed in the ALC-treated monkeys (Fig.
1A), and it was noted that this action was primarily due to blocking the pattern of elevated
GH that normally occurs in the evening during late juvenile development (Dees et al., 2000).
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While FSH levels were not altered (Dees et al., 2000), the ALC caused suppressed serum
LH levels (Fig. 1B), an effect that was associated with decreased prepubertal levels of serum
E, (Fig. 1C). Furthermore, although the age at first menstruation was not altered the interval
between subsequent menstruations was twice that of the control monkeys (Fig. 1D),
demonstrating that ALC alters the development of a regular monthly pattern of
menstruation.

The suppressed prepubertal levels of GH and LH prompted experimentation to discern
whether the site of ALC action to block entry into the peripubertal period was at the
hypothalamic or pituitary level. In immature female rats the hypothalamic content of the GH
inhibiting hormone, somatostatin, was not altered following chronic ALC administration;
however, there was a significant increase in the hypothalamic content of GH-releasing
hormone (GHRH), an action that was accompanied by a marked decrease in the serum
concentration of GH (Dees et al., 1990). In those same animals, ALC caused an increase in
the hypothalamic content of LHRH with a concomitant decrease in LH, but not FSH (Dees
etal., 1990). The increased content of the hypothalamic releasing hormones suggested that
the ALC suppressed their secretion; hence, indicating a hypothalamic action of chronic ALC
exposure to cause decreased pituitary hormone secretion. Further evidence for a
hypothalamic action was derived from pituitary response studies. GH and LH secretory
responsiveness to their respective hypothalamic releasing peptides has been shown to be
unaltered by ALC in immature animals. This was best revealed in prepubertal female rhesus
monkeys following chronic ALC exposure (Dissen et al., 2004). In this regard, the site of
action to suppress LH secretion was assessed by hypothalamic and pituitary responsiveness
to N-methyl D-L aspartic acid (NMA) and LHRH, respectively. The hypothalamic test
showed that NMA stimulated LH release in control monkeys, an action that was blocked in
the monkeys that received ALC. This is important since NMA is known to induce LH
release by acting within the hypothalamus to stimulate LHRH secretion and does not act at
the pituitary level. Three weeks later, the pituitary test was conducted using the same
animals and the results showed that LHRH stimulated LH equally well in both control and
ALC-treated monkeys. These results in combination with in vivo and in vitro studies in
female rats showing that ALC suppresses hypothalamic LHRH secretion further
demonstrates that the detrimental action of ALC is at the hypothalamic level (Ching et al.,
1988; Hiney and Dees, 1991; Hiney et al., 2003; Nyberg et al., 1993).

The fact that ALC alters prepubertal GH and LH secretions is important, since these two
hormones are involved in the control of growth and reproduction. For many years it has
been hypothesized that somatic development may influence sexual maturation through
metabolic signals that can act centrally to modify LHRH neuronal function (Plant, 1988).
The fact that IGF-1 synthesis by the liver is controlled by GH, and that this peptide is a
messenger carrying out the actions of GH, sparked our interest in assessing whether the
IGF-1 peptide plays a role as a metabolic signal influencing the timing of puberty, and if so,
determining whether IGF-1 is a target for ALC to disrupt the pubertal process.
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INFLUENCES OF IGF-1 AT PUBERTY

IGF-1 is a 70 amino acid polypeptide mitogen that plays an essential role in mammalian
growth, as well as cellular differentiation and survival. The peptide is produced in many
tissues including brain, but most predominantly in the liver (Sara and Hall, 1990). IGF-1
binds to type 1 IGF receptors (IGF-1R) in numerous tissues (Delafontaine, 1998; Vendola et
al., 1999; Werther et al., 1989), including brain (Bondy et al., 1992) where the greatest
concentration of IGF-1R resides in the median eminence (ME) of the hypothalamus. The
serum levels of IGF-1 increase strikingly during puberty in rodents (Crawford et al., 1993;
Handelsman et al., 1987), ruminants (Jones et al., 1991; Roberts et al., 1990), and primates
(Copeland et al., 1982, 1985) including humans (Anders et al., 1994; Tam et al., 2006).
Thus, while it was hypothesized that this trophic factor may link somatic growth to the
activation of the reproductive hypothalamus, it was critical in this regard to first determine
whether the peptide was capable of acting centrally to induce prepubertal LHRH secretion.

Effects of IGF-1 on Puberty-Related Hormones and Events

An initial study examined the ability of IGF-1 to stimulate the secretion of LHRH from MEs
removed from immature female rats and incubated in vitro (Hiney et al., 1991). The results
showed that the peptide elicited a dose-related increase in LHRH release into the medium,
an effect that occurred at a 10-fold lower dose than that required by insulin and IGF-2 to
stimulate LHRH release. This information prompted us to conduct a follow-up study to
assess the in vivo actions of IGF-1 in 30- to 37-day-old female rats, a time frame
representing late juvenile development and continuing through the peripubertal period to
first diestrus (Hiney et al., 1996). IGF-1 gene expression did not change across the
peripubertal period in the preoptic area (POA) or medial basal hypothalamus (MBH);
however, a developmental increase in liver IGF-1 gene expression was observed on the day
of first proestrus, a change that was accompanied by elevated serum levels of IGF-1, along
with the serum levels of LH and E;, (Fig. 2A— C). Importantly, the increase in serum IGF-1
was accompanied by an increase in IGF-1 receptor gene expression in the median eminence.
Furthermore, the central administration of IGF-1 induced LH release in juvenile and
peripubertal female rats, an action that was blocked by prior immunoneutralization of
hypothalamic LHRH. Finally, to mimic the peripubertal afternoon increase in LHRH/LH
secretion (Andrews and Ojeda, 1981; Urbanski and Ojeda, 1985), we administered IGF-1
(20 ng) into the third ventricle of immature animals at 1500 and 1700 hours each afternoon.
This protocol resulted in the advanced onset of female puberty (Fig. 2D). Subsequently,
studies by two groups have confirmed the positive influence IGF-1 on the pubertal process.
Systemic IGF-1 administration was shown to advance first ovulation in rhesus monkeys
(Wilson, 1998), and replacement of IGF-1 advanced puberty in GH-receptor knockout mice
expressing very low levels of the peptide (Danilovich et al., 1999). Collectively, these
studies provide compelling evidence supporting an important role for IGF-1 at puberty.
Conversely, two other studies did not show earlier puberty following IGF-1; however, in
those studies the method and duration of central IGF-1 delivery was different, and much
higher doses of the peptide were used (Gruaz et al., 1997; Zeinoaldini et al., 2006).
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The notion that IGF-1 of peripheral origin is capable of crossing the blood brain barrier and
activating LHRH secretion at puberty is supported by the above mentioned studies showing
that IGF-1 advanced female puberty in three species, and by the observation in female rats
that there was no change in hypothalamic IGF-1 gene expression between 30 and 37 days if
age. Other studies, however, suggest it is also possible that centrally derived IGF-1 may also
play a role at puberty. It has been shown in both male and female mice that IGF-1 gene
expression in the reproductive hypothalamus is elevated during the neonatal period,
decreases through 20 days of life, and then increases by day 30 and again by day 60 (Daftary
and Gore, 2003). These authors also noted that this gene expression pattern was similar to
that observed for hypothalamic IGF-1 protein as assessed by immunocytochemistry. Thus,
research to date indicates that hypothalamic IGF-1 gene expression increases by the end of
juvenile development (Daftary and Gore, 2003), but does not increase again during the
peripubertal period (Hiney et al., 1996). The serum levels of the peptide begin to increase at
20 days of age, continue to rise through juvenile development (Handelsman et al., 1987),
and then show a final peak increase at first proestrus (Hiney et al., 1996). Therefore, these
facts collectively suggest that increasing levels of both centrally and peripherally derived
IGF-1 are available to the hypothalamus for influencing peripubertal LHRH neuronal
functions.

IGF-1R Influences at Puberty

Further support for a role of IGF-1 at puberty is shown by the presence of the IGF-1R within
the POA and the MBH, including the ME. In this regard, IGF-1R gene expression and
protein levels have been shown to increase developmentally in the POA and MBH of male
and female mice (Daftary and Gore, 2004). Additionally, those investigators also showed the
presence of the IGF-1R on LHRH perikarya in the POA, septum and anterior hypothalamus.
This coexpression in both the POA and ME, the principal sites within the rodent brain
responsible for LHRH synthesis and release, respectively, further suggests IGF-1 may
influence LHRH neuronal functions. These observations lend support to previous studies
indicating that IGF-1 can stimulate LHRH gene expression in POA explants from 30-day-
old female mice incubated in vitro (Daftary and Gore, 2003), and in specific LHRH
neuronal cell lines (Anderson et al., 1999; Longo et al., 1998; Zhen et al., 1997). In the
LHRH neuronal cell line, IGF-1 was shown to initially stimulate LHRH secretion into the
incubation medium, then over time inhibited the release of the peptide, demonstrating a
biphasic effect (Anderson et al., 1999; Longo et al., 1998). In female rats, we have shown
there is a marked increase in IGF-1R content specifically within the ME on the day of first
proestrus (Hiney et al., 1996). This increase in the ME is important for several reasons. The
ME contains one of the highest concentrations of the IGF-1R in brain (Aguado et al., 1989;
Bohannon et al., 1986; Lesniak et al., 1988; Marks et al., 1991; Werther et al., 1989), the
structure is outside the blood brain barrier, contains the LHRH nerve terminals, and the
timing of the increase corresponds to the proestrus rise in serum IGF-1. Thus, it is likely that
the ME is a primary site of action for peripherally derived IGF-1 to stimulate LHRH/LH
secretion at puberty. Importantly, IGF-1 is capable of stimulating LHRH release from
isolated immature female ME in vitro (Hiney et al., 1991), but whether this effect is through
a direct action on LHRH nerve terminals and/or requires communication with glial elements
in the region is not known.
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Effects of IGF-1 on Neuronal and Glial Puberty-Related Genes

In recent years it has become increasingly clear that there is an integrative participation
between neuronal circuits and glial networks that facilitate LHRH secretion. It is thought
that neural and glial excitatory signaling to LHRH neurons increases at a time when the
inhibitory tone to those neurons decreases, and at this time the enhanced peripubertal
activation of LHRH release occurs. While important progress has been made in identifying
neural and glial elements involved in LHRH secretion (Ojeda et al., 2006), there has been a
need for a better understanding as to what endogenous and exogenous substances control
their expression. In this regard, we have recently assessed the effects of specific factors on
puberty- related genes expressed in neurons and glial cells that are responsible for producing
substances known to stimulate LHRH secretion. In the context of this review, we will limit
the discussion below to one neuronal and one glial gene, since they have both been assessed
as to the influences of IGF-1 and ALC.

The KiSS-1 metastis suppressor gene is responsible for the synthesis of kisspeptins. Neurons
expressing this gene within the reproductive hypothalamus are located in two nuclei.
Rostrally, the neurons are within the anteroventral periventricular nucleus (AVPV), which
lies in the POA and anterior hypothalamus. Caudally, the neurons are within the arcuate
nucleus, which is in the MBH. The kisspeptins are ligands of the G-protein coupled receptor
54 (GPR54), and have been shown to play a key role in the timing of puberty (Navarro et al.,
2004b; Tena-Sempere, 2006). It has been shown that a mutation of the GPR54 gene in
human (de Roux et al., 2003; Seminara et al., 2003), and a deletion of this gene in mice
(Seminara et al., 2003) caused hypogonadotropic hypogonadism and a delay in puberty.
Increases in KiSS-1 and GPR54 gene expressions have been observed during pubertal
development (Navarro et al., 2004a), and the kisspeptins act at the hypothalamic level to
stimulate LHRH/LH release in immature rats and rhesus monkeys (Navarro et al., 2004a;
Shahab et al., 2005; Thompson et al., 2004), and advance vaginal opening in rats (Navarro et
al., 2004b). Hence, in the last few years it has been widely accepted that the KiSS-1 gene is
a major influence on the onset of puberty, but only recently have attempts been made to
determine what governs the developmental activation of this gene. Because the actions of
the Kisspeptins are similar to those described above for IGF-1, we hypothesized that IGF-1
may be an upstream regulator of this gene. Our recent results revealed that IGF-1 stimulated
the KiSS-1 gene in the AVPV nucleus of immature female rats (Hiney et al., 2009), an area
that has previously been shown to contain the kisspeptin neurons that are more sensitive to
changes in the steroid milieu at puberty (Clarkson and Herbison, 2006). The fact that this
gene was induced after both central and systemic administration, and that this occurred prior
to the normal rise in KiSS-1 gene expression at 30 days of age is important, and
demonstrates that IGF-1 is an activator of this gene at a critical time of mammalian
development. Whether this action occurs directly on the kisspeptin containing neuron, or
through interneurons or glial cells that also expresses IGF-1R (Fernandez-Galaz et al., 1997;
Lesniak et al., 1988) has not been determined.

The Oct-2 POU homeodomain genes are associated with hypothalamic development and are
expressed in glial cells. Members of this gene family activate TGF-q, one of the key factors
involved in the process by which glial products facilitate LHRH release at puberty (Ojeda et
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al., 1999). Because the expression of Oct-2 increases in the hypothalamus just before
puberty (Ojeda et al., 1999), we assessed whether IGF- 1 could influence the expression of
two isoforms of this gene. We demonstrated that early central administration of IGF-1 is
capable of precociously inducing Oct-2c in the POA, and both Oct-2a and Oct-2c in the
MBH prior to their normally occurring prepubertal increase (Dees et al., 2005). This
indicates that IGF-1 is an upstream regulator of Oct-2 expression, and hence, by
subsequently activating TGF-q, may represent an early event in enhanced cell—cell
communications facilitating LHRH secretion at the time of puberty.

The above comments demonstrating that IGF-1 is capable of activating neuronal (KiSS-1)
and glial (Oct-2) genes involved in the control of prepubertal LHRH secretion is important
with regard to assessing sites and mechanisms of IGF-1 action to influence puberty. There
are numerous genes expressed in neurons and glial cells within the POA and MBH regions
of the brain that may develop an extensive and interrelated neuronal and glial
communication network at puberty. This is a new and complicated area of study and
identifying key specific genes and what controls them will no doubt help us gain a better
understanding of events leading to mammalian puberty.

INTERACTIONS BETWEEN ALC AND IGF-1

The above section provided evidence demonstrating that IGF-1 is an important excitatory
influence on LHRH secretion and the pubertal process. It was also pointed out that ALC
alters key puberty-related hormones and delays signs of pubertal development. Because of
these actions, we hypothesized that IGF-1 may be a substance through which ALC may
affect pubertal development.

Effects of ALC on IGF-1 Synthesis

In immature female rats, chronic ALC exposure over the late juvenile-peripubertal period of
development caused a decrease in the hepatic expression of both IGF-1a (Fig. 3A) and
IGF-1b (not shown) gene transcripts; effects that were associated with altered growth and
suppressed levels of serum IGF-1 and LH (Fig. 3B, C) (Srivastava et al., 1995). In those
same rats, there were no ALC-induced changes observed in IGF-1 mRNA in either the POA
or MBH, nor were any changes detected in IGF-1R mRNA within the ME. Importantly,
similar results regarding growth and the serum levels of IGF-1 and LH have been observed
in prepubertal female rhesus monkeys following chronic ALC exposure (Dees et al., 2000).
Earlier studies using adult male rats also revealed suppressed serum IGF-1 levels following
chronic ALC exposure (Sonntag and Boyd, 1988; Soszynski and Frohman, 1992). Because
IGF-1 mediates the growth promoting effects of GH (Isaksson et al., 1987; Lowe et al.,
1988), and because of the IGF-1 influence on prepubertal LHRH/LH secretion (Hiney et al.,
1991, 1996) it is likely that ALC exerts at least some of its detrimental effects on growth,
LH secretion and the pubertal process by suppressing hepatic IGF-1 synthesis, and
subsequently, resulting in decreased serum levels of the protein.

The ALC-induced reduction of hepatic IGF-1 gene expression appears to be due, at least
partially, to an ALC induced suppression of serum GH, since this hormone regulates IGF-1
gene expression in the liver. However, other possibilities are that ALC may be causing an
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alteration in GH receptors and / or to a direct action on the hepatocyte. To assess whether
there was any GH-independent effect of ALC within the liver itself, we used transgenic mice
that overexpress GH; hence, the circulating GH levels were held constant, and thereby,
allowed for the assessment of potential direct actions of ALC at the level of either the GH-
receptor or the synthesizing machinery within the hepatocyte. The expression of GH in these
mice is controlled by the promoter and not by the hypothalamic releasing and inhibiting
hormones. This is important because, as stated earlier, the ALC-induced suppression in GH
is due to a hypothalamic, not pituitary, action. Since ALC was not expected to affect the
promoter, we considered this mouse model a unique approach to differentiate between GH-
dependent and GH-independent effects of ALC on the ability of the liver to synthesize and
secrete IGF-1. The transgenic mice exposed to ALC showed a decrease in hepatic IGF-1
transcripts, as well as serum protein levels, compared to transgenic controls. The ALC did
not alter serum GH levels held constant by the promoter, and did not affect mouse GH
receptor protein levels. Thus, in addition to ALC altering IGF-1 synthesis by suppressing the
hypothalamic—pituitary—GH axis, this study using transgenic mouse model has demonstrated
that the drug can also alter IGF-1 gene expression by acting directly within the hepatocyte in
a GH-independent manner (Srivastava et al., 2002).

Taken together, the research to date indicates that there are both GH-dependent and GH-
independent effects of ALC at the hepatic level to depress IGF-1 synthesis. The overall
detrimental effect of these actions is decreased circulating levels of IGF-1, and therefore,
less peptide available to hypothalamus to influence prepubertal LHRH release.

Effects of ALC on IGF-1 Induced LHRH Release

A study conducted a decade ago using both in vivo and in vitro methods was the first to
demonstrate that ALC can act at the hypothalamic level to alter the ability of IGF-1 to
stimulate LHRH/LH secretion in immature female rats (Hiney et al., 1998). In the first part
of this study, a single injection of ALC or saline was administered via gastric gavage, and at
the end of a 1.5-hour absorption phase, each rat was administered IGF-1 into a surgically
implanted cannula within the brain third ventricle. The results indicated that IGF-1
stimulated LH secretion between 20 and 30 minutes postinjection in the controls, an action
confirming a previous report (Hiney et al., 1996). However, this effect of IGF-1was blocked
in the rats that were exposed to ALC. Subsequently, ME explants were removed from the
base of the brain and the nerve terminals were incubated in the presence or absence of ALC
in vitro. IGF-1 stimulated the release of prostaglandin E, (PGE,) and LHRH from incubates
in the absence of ALC. The presence of ALC in the medium, however, blocked the secretion
of both hormones. In an earlier study, it was shown that PGE; replacement to medium
containing ALC resulted in the stimulation of LHRH secretion (Hiney and Dees, 1991).
Thus, these combined results indicate that these central actions of ALC are due in part to
diminished formation of PGE,, a known stimulator of LHRH secretion (Ojeda et al., 1979).

Effects of ALC on IGF-1-Induced Neuronal and Glial Puberty-Related Genes

Earlier we discussed the importance of the neuronal KiSS-1/kisspeptin system regarding
LHRH secretion and the onset of puberty, and documented the ability of IGF-1 to stimulate
expression of the prepubertal KiSS-1 gene (Hiney et al., 2009). Recently, we began a series
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of studies in order to gain a better understanding of potential substances that may control or
alter the expression of the KiSS-1 gene at puberty. Since IGF-1 is a regulator of the KiSS-1
gene, and since ALC causes suppressed circulating levels of IGF-1, we considered it
possible that the drug may interfere with the central action of IGF-1 to up-regulate the
KiSS-1 gene. In this regard, we recently showed that chronic ALC exposure caused a
marked suppression in basal KiSS-1 gene expression in the AVPV and arcuate (ARC) nuclei
(Srivastava et al., 2009). These nuclei, the latter included within the MBH, represent the two
principal areas of KiSS-1 gene expression in the reproductive hypothalamus. In that same
study, we subsequently assessed the potential for ALC to affect IGF-1 signaling. While no
changes were observed following ALC on hypothalamic IGF-1 receptor gene and protein
expression (not shown), we did detect a marked decrease in phosphorylated-Akt protein
expression in both AVPV and ARC brain regions. Table 1 demonstrates these respective
effects of ALC on IGF-1 signaling and KiSS-1 expression in both brain regions of
prepubertal female rats. Hence, because KiSS-1 gene regulation is critical for Kiss-peptin
production and its influence on LHRH release at puberty, the fact that chronic ALC
exposure is capable of affecting basal levels of KiSS-1 expression is relevant with regard to
identifying the mechanism by which ALC suppresses prepubertal LHRH secretion and alters
the pubertal process.

Studies assessing the effects of ALC on glial connections with LHRH secretion have also
been conducted. The ability of IGF-1 to regulate Oct-2 genes, and the relationship of these
genes regarding glial to neuronal interactions that were discussed above, lead investigators
to assess whether ALC exposure altered the expression of Oct-2 transcripts in immature rats.
In one study, the effect of ALC on the ability of IGF-1 to induce Oct-2 gene expression was
assessed. Results indicated that acute ALC administration blocked the central action of
IGF-1 to induce both transcripts of this gene in the POA and MBH, an action that was
correlated with suppressed serum levels of LH (Dees et al., 2005). Another study has shown
that chronic ALC exposure also causes suppressed hypothalamic Oct-2 gene expression
(Kim et al., 2005). Therefore, these studies suggest that the Oct-2 gene is a target by which
ALC can interfere with peripubertal glial to neuronal communications associated with
facilitating LHRH secretion.

This is a new area of investigation showing that ALC can affect the regulation of important
puberty-related neuronal and glial genes involved in the prepubertal LHRH secretory
pathway. Obviously, more research is needed to identify other puberty-related genes,
determine their endogenous regulators, and discern any effects of ALC on their basal and
induced levels of expression.

CONCLUSIONS

Case reports from humans and research with experimental animals show that ALC can cause
detrimental effects on puberty- related hormones at this critical time of growth and
development. In this review we have discussed the influence of ALC on puberty using rats
and rhesus monkeys as animal models. We described herein that ALC exposure causes
suppressed serum levels of GH, LH, and E,, hence resulting in delayed vaginal opening in
rats and markedly altering the development of a regular monthly pattern of menstrual
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activity in rhesus monkeys. While this basic information was important, it became clear that
in order to define the mechanisms of ALC action on hormones and pubertal development we
needed to gain a better understanding of factors or substances initiating and/or involved in
early pubertal processes.

The existence of metabolic signals capable of linking somatic development to the activation
of the LHRH/LH releasing system at puberty has been considered for several years. The
trophic factor IGF-1 is particularly suited in this regard since it increases in serum as puberty
approaches and provides the growth promoting action of GH. Therefore, we hypothesized
that IGF-1 may be a signal capable of acting centrally to stimulate LHRH release at puberty.
This review reveals the evidence available to date showing that IGF-1 can stimulate
prepubertal LHRH release, and when administered early, can advance signs of puberty in
female rodents and rhesus monkeys. Additionally, IGF-1 administration has been shown to
precociously up-regulate specific puberty-related genes, including KiSS-1. This gene is
important for producing kisspeptins, key peptides involved in LHRH release at puberty.
Collectively, this information demonstrates that IGF-1 plays an important role at puberty
and thus, suggests that this peptide may be a target through which ALC may affect pubertal
development.

Research has shown that ALC can indeed alter specific prepubertal influences of IGF-1. The
schematic drawing shown in Fig. 4 summarizes the actions and interactions of ALC and
IGF-1 on critical puberty-related hormones. As shown and discussed throughout this review,
ALC can act both peripherally and centrally to suppress prepubertal LHRH/LH secretion.
Chronic ALC exposure has been shown to suppress basal IGF-1 synthesis in the liver,
resulting in decreased circulating peptide available to the hypothalamus for facilitating
LHRH secretion. Furthermore, studies designed to more critically assess specific
hypothalamic actions of ALC on IGF-1 functions show that acute ALC exposure blocks
IGF-1 induced LHRH secretion directly from the prepubertal ME, and also blocks IGF-1
stimulated KiSS-1 gene expression in the AVPV nucleus. Additionally, the observations that
chronic ALC administration suppresses Oct-2 gene expression, and that acute exposure
blocks IGF-1 induced Oct-2 expression, infers that ALC may alter prepubertal glial-
neuronal interactions that influence LHRH secretion. Thus, ALC can not only act
peripherally to suppress circulating levels of IGF-1 available to the hypothalamus, but can
also act centrally to block important IGF-1 actions resulting in suppressed LHRH secretion
and ultimately, alter signs in pubertal development.

Because puberty is a complex time of development, it requires utilizing multiple
experimental approaches to identify specific factors controlling the timing of puberty, as
well as to discern the sites and mechanisms of ALC action on LHRH secretion and the
progression of pubertal processes. Research in this area is important and clearly relevant to
child health from a standpoint of identifying causes, effects, and possible treatments for
ALC-induced deficiencies in adolescents.
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Fig. 1.

Ef?‘ects of ALC on the serum levels of puberty-related hormones and on menstrual patterns
in developing rhesus monkeys. Blood samples were drawn from the saphenous vein twice
daily (0830 hours am and 2030 hours pm) and their averages for 5 consecutive days
determined each monkey’s respective hormone level over the sampling period. Each data
point represents the mean (xSEM) 5-day hormone levels from 5 control and 5 ALC-treated
rhesus monkeys at each designated month. (A) GH levels were suppressed in the ALC-
treated monkeys at 28 and 32 months of age. (B) LH levels were suppressed from 24 to 32
months. (C) E, levels increased markedly between 28 and 32 months of age in the control
monkeys, an action that did not occur in the ALC-treated monkeys, hence causing them to
be suppressed at these time points. (D) The interval between menstruations for the ALC-
treated monkeys was almost twice that of the controls. Solid and open bars represent the
means (£SEM) of control and ALC-treated animals, respectively. *p < 0.05; **p < 0.01;
***n < 0.001. N = 4 to 5 animals per group. Panels A—-C were assessed by ANOVA,
followed by Student—-Neuman—Keul’s post-hoc test. Panel D was assessed by Student’s t-
test.
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Fig. 2.

Segrum IGF-1, LH, and E; levels during pubertal development in the female rat. (A) The
serum levels of IGF-1 increased during early proestrus (EP), peaked at late proestrus (LP),
and remained elevated over the juvenile (JUV) levels through first estrus (E). (B and C) The
serum levels of LH and E, were also elevated during late proestrus. (D) Daily administration
of IGF-1 advanced the time of vaginal opening. The respective bars represent the mean
(xSEM) of an N of 25 to 40 animals per group in A-C and 6 to 7 per group in D. *p < 0.05
and **p < 0.01, by ANOVA with post-hoc testing using the Student—-Newman-Keuls
multiple range test; ***p < 0.001, by t-test.
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Fig. 3.
Effects of chronic ALC administration on IGF-1 gene expression in the liver and on the

serum levels of IGF-1 and LH. (A) Densitometric quantitation of bands generated by RNase
protection showing that liver IGF-1a mRNA expression was markedly suppressed in the
ALC-treated animals. Similar results were also observed for IGF-1b expression (not shown).
(B and C) ALC exposure also concomitantly suppressed serum levels of both IGF-1 and LH.
The respective bars represent the mean (xSEM) of an N of 7 to 8 animals per group in A,
and 26 to 36 per group in B and C. **p < 0.001.
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Fig. 4.
Schematic drawing showing the actions and interactions of alcohol (ALC) and insulin-like

growth factor-1 (IGF-1) related to growth and puberty. ALC not only acts peripherally to
suppress IGF-1 synthesis in the liver, and hence circulating levels of the peptide available to
the hypothalamus, but can also act centrally to block important IGF-1 actions. The
cumulative effect of altered hypothalamic IGF-1 signaling is suppressed growth hormone
releasing hormone (GHRH) and luteinizing hormone releasing hormone (LHRH) secretion
at a critical time of development. Ultimately, these reductions lead to suppressed growth
hormone (GH), luteinizing hormone (LH), and estradiol (E,) secretion, resulting in altered
growth and pubertal development. Preoptic area (POA); anteroventral periventricular
nucleus (AVPV); arcuate nucleus (ARC); median eminence (ME); medial basal
hypothalamus (MBH); anterior pituitary (AP); posterior pituitary (PP); somatotroph (SOM);
gonadotroph (GON); hepatocyte (HC).
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Table 1

Effects of ALC on IGF-1 Signaling and KiSS-1 Gene Expression in the Anteroventral Periventricular (AVPV)
and Arcuate (ARC) Nuclei

Control ALC

AVPV nucleus

IGF-1R  0.197 +0.016 0.2+0.03

p-Akt 0.43 +0.024 0.31 +0.03"

KiSS-1 795102  17940198"™

ARC nucleus
IGF-1IR  0.243+0.03 0.247 £ 0.02
p-Akt 0.39+0.03 0.23+0.03*

KiSS-1  256+0.18 156+ 010"*"

IGF-1R and phosphorylated (p)-Akt values represent densitometric quantification of Western Blots and are reported as their respective mean
(xSEM) protein/f-actin ratio. KiSS-1 gene expression was determined by real-time PCR and is reported as mean (+SEM) relative expression. N = 6
to 8 for IGF-1R and p-Akt, and N = 11 to 13 for KiSS-1.

*
p<.05;

F%k

p<.01;

Fok

*
p <001.
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