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Abstract: Longitudinal growth and puberty are the result of a complex interaction of genetic, hor-
monal, nutritional, and environmental factors. Acne vulgaris is a chronic disease of the pilosebaceous
unit that affects 85% of adolescents worldwide. Isotretinoin is a synthetic vitamin A derivative drug
effective and is widely employed for the treatment of moderate and severe acne vulgaris. Premature
epiphyseal closure has been reported in patients with neuroblastoma treated with high doses of
isotretinoin as well as in patients with acne receiving lower doses. Although the mechanisms for
these effects are not clear, it has been suggested that isotretinoin may have a negative impact on
the GH-IGF-I axis, leading to a reduction in IGF-I and IGFBP3 serum levels. Although many of the
isotretinoin adverse effects in pediatric patients are transient, premature epiphyseal closure and bone
abnormalities can lead to transient abnormalities and permanent deformities with a negative impact
on longitudinal growth and final height. The aim of this study was to review the potential effects of
oral isotretinoin on the growth plate and growth during childhood and adolescence.
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1. Introduction

Acne vulgaris is a multifactorial, chronic, immune-mediated, inflammatory primary
disease of the pilosebaceous unit [1]. It affects 85% of adolescents worldwide and can persist
into adulthood [2]. There are four main factors in acne pathogenesis: follicular epidermal
hyperproliferation, increased sebum production, inflammation, and Cutibacterium acnes
(formerly Propionibacterim acnes) presence and activity [3]. A combination of topical and
systemic drugs, such as antibiotics, benzoyl peroxide, retinoids, and hormonal-based
therapies (oral contraceptives with antiandrogenic effects), are recommended therapies to
cope with the various stages of the acne pathogenic process [2].

Hyperseborrhea has been considered the major etiopathogenetic factor of acne. With
puberty onset, androgens stimulate sebaceous glands and increase sebum production [4].
Other hormones may be implicated in sebum production, such as estrogens, insulin,
growth hormone (GH), insulin-like growth factor I (IGF-I), corticotropin-releasing hormone
(CRH), adrenocorticotropic hormone (ACTH), melanocyte-stimulating hormone (MSH),
and glucocorticoids [5]. GH and IGF-I are known stimulators of cell proliferation and
apoptosis inhibitors [6]. Recently, some reports have suggested that IGF-I plays a role in
acne pathogenesis by stimulating sebocyte growth, the lipogenesis of sebaceous glands, and
androgen synthesis, like dihydrotestosterone and dehydroepiandrosterone sulfate [7-9].
Smith et al. found that IGF-I transmits its lipogenic signal in sebocytes via activation of
the phosphoinositide-3-kinase—protein kinase B/ Akt (PI3K-PKB/ Akt) signaling pathway,
which is involved in many aspects of cell growth, survival, and apoptosis [10]. IGF-I also
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stimulates keratinocyte proliferation by activating the IGF-I receptor (IGF-IR). A growth
spurt during adolescence occurs due to increased GH secretion and higher concentrations of
IGF-1, which is typical of puberty, whereas these high IGF-I levels might also be associated
with the most severe course of acne at this age [8]. The development of hyperandrogenism
and acne in patients with Laron syndrome during high-dose IGF-I treatment supports the
role of IGF-I in acne pathogenesis [11,12].

Retinoids are both natural and synthetic vitamin A derivatives, with multiple actions
and important roles in the regulation of cell proliferation, differentiation, morphogenesis,
and apoptosis. They also inhibit malignant cell growth and tumor progression, exert
immuno-modulatory actions, and alter cellular cohesiveness [13]. Isotretinoin, a 13-cis-
retinoic acid, is an aromatic retinoid-like vitamin A used in the treatment of moderate
or severe acne that is refractory to topical treatment and systemic antibiotics, ichthyotic
skin disease, and psoriasis [1,14,15]. Isotretinoin is also recommended for the treatment of
high-risk neuroblastoma and pediatric medulloblastoma, but in these cases, higher doses
are used compared to those used for dermatological diseases [15,16].

Retinoids are oxidized to all-trans-retinaldehyde and subsequently converted to all-
trans-retinoic acid (ATRA), the biologically active form of vitamin A. The effects of retinoids
are mediated by their binding and activation of the nuclear retinoic acid (RAR) and retinoid
X (RXR) receptors, which regulate the transcription of genes involved in normal growth
and differentiation [13,15,17]. It is estimated that isotretinoin affects over 500 genes, of
which 300 are upregulated and 200 are downregulated [15]. The effects of ATRA are also
mediated by non-genomic signaling pathways, such as mitogen-activated protein kinase
(MAPK) and protein kinase A (PKA).

Isotretinoin exerts its action by isomerization to ATRA, which then interacts with the
retinoid receptors. Isotretinoin has a higher affinity for RXR, but the affinity is low for both
RAR and RXR [13,17]. These nuclear receptors can be expressed in different amounts in
hippocampal neurons, neural crest cells, epidermal keratinocytes, mucosa cells, hair follicle
cells, intestinal epithelial cells, skeletal muscle cells, granulosa cells, the growth plate,
the cardiovascular system, and the liver [17,18]. However, the relative lack of receptor
specificity explains the wide spectrum of possible adverse effects of the drug, such as
an increase in serum aminotransferase levels, dry skin, ocular and nasal mucosa xerosis,
nose bleeds, conjunctivitis, headache, and hair loss. The use of isotretinoin has also been
associated with moderate increases in serum triglycerides levels, pancreatitis, arthralgia,
myalgia, vision and hearing loss, pseudotumor cerebri, teratogenicity, insomnia, irritability,
depression, and suicide [1,17]. Apoptosis is the underlying and unifying mechanism of the
adverse effects of isotretinoin [18]. Teratogenicity is the most severe adverse effect, and
preventing fetal exposure to isotretinoin is mandatory. The most frequent abnormalities
are microtia, anotia, micrognathia, heart and aortic arch defects, thymic ectopia or aplasia,
cerebellar vermis agenesis, and various neuronal migration anomalies. ATRA leads to large-
scale reprogramming of cranial neural crest gene expression, which results in increased
apoptosis [18]. The common and less severe adverse effects related to oral isotretinoin
comprise dryness of the skin and mucosae membranes, which is caused by sebocyte
apoptosis and cell cycle arrest [18]. The retinoids are metabolized by the hepatic system,
and ATRA and isotretinoin induce hepatocyte apoptosis. Moderate increases in alanine
aminotransferase, aspartate aminotransferase, and triglycerides are often associated with
oral isotretinoin treatment [17,18].

Isotretinoin is the only drug that acts on all the etiopathogenic factors of acne vulgaris
and is the only monotherapy that provides prolonged remission or cure in up to 80% of
patients [1]. The indications for isotretinoin are severe acne (conglobate or nodular-cystic)
and moderate acne (nodular-cystic or papular-pustular), refractory to initial treatments, a
tendency to scarring, significant emotional impairment, or impaired social functions [1,2].
The dose used in these conditions is 0.5-1.0 mg/kg/day for 1624 weeks to a cumulative
dose of 120-140 mg/kg or until complete regression of the lesions. An alternative approach
with lower daily doses, such as 0.1-0.5 mg/day (up to 5 mg), has been proposed for



Endocrines 2023, 4

283

18 months or up to 1-2 months after lesion resolution, as this schedule seems to be associated
with less adverse events, better tolerability, and recurrence rates similar to those observed
with the conventional dose [1,15].

GH physiologically increases pancreatic insulin secretion and circulating insulin,
which, in turn, induces hepatic IGF-I secretion. Both IGF-I and insulin levels increase
during puberty and are influenced by high glycemic index diets and dairy protein con-
sumption [2]. It was proposed that higher cumulative isotretinoin doses could influence
acne pathogenesis through a reduction in IGF-I levels [19]. In a case-control prospective
study, it was demonstrated that IGF-I levels and acne severity were significantly higher
in patients younger than 21 years when compared to those older than 21 years, while
IGF-], insulin, and glucose levels were not different between the patients and controls [9].
Therefore, it has been suggested that drugs that act to reduce IGF-I and insulin levels could
be effective in the treatment of acne vulgaris. Figure 1 summarizes the pathogenesis of acne
vulgaris and the action of oral isotretinoin.
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Figure 1. Etiopathogenic factors of acne vulgaris and possible action of oral isotretinoin. Notes:
IGF-I, insulin-like growth factor I, GH, growth hormone; RA, retinoic acid. Red = inhibition;
Blue = acceleration.

Although many of the adverse effects of isotretinoin in pediatric patients are transient,
its actions on the GH-IGF-I axis and proapoptotic effects have the potential to promote
premature epiphyseal closure with a negative impact on linear growth and final adult
height [20-24]. In this narrative review, we have summarized the main studies evaluating
the effects of oral isotretinoin therapy on the growth plate, GH-IGF-I axis, and other
hormones during childhood and adolescence.

2. Methods

A comprehensive and non-systematic search was carried out in the PubMed, LILACS,
and SciELO databases up to December 2022, using the terms retinoid, retinoic acid,
isotretinoin, acne vulgaris, growth plate, growth, and epiphyseal closure. The publications
were critically selected by the authors.

3. Normal Growth, Adrenarche, and Puberty

Normal human growth is a very dynamic process with partly overlapping phases that
include fetal growth, the infancy phase, childhood, and puberty [25]. The amount of GH
and IGF-I secreted changes throughout each of these periods. Fetal growth is very fast
during the first trimester of gestation, but GH is not essential for fetal growth, as evidenced
by the normal or slightly reduced size at birth of children with GH deficiency or GH
resistance [26,27]. The IGFs and insulin are, indeed, the major determinants of intense fetal
growth, with insulin controlling hepatic IGF-I production in response to nutritional status.

The infancy phase, considered a continuation of fetal growth and mainly dependent
on nutrition, ends at about 34 years of age. After a normal full-term birth, growth during



Endocrines 2023, 4

284

the first year of life is extremely rapid, leading to a 50% increase in body length. This
impressive growth velocity declines to one-third by 10 months of age and continues to
decline until 3—4 years of life. Full GH-dependence of IGF-I production does not occur until
the second year of postnatal life [28-31].

The beginning of the childhood period is marked by the resumption of significant
GH action, promoting a new phase of growth acceleration [30]. During the prepubertal
period, GH secretion rates are similar in boys and girls and a slow deceleration of growth is
observed [32]. Puberty is characterized by an increase in growth velocity and the pubertal
growth spurt, which is then followed by deceleration until growth stops completely with
the closing of the epiphyseal growth plates. GH and IGF-I are fundamental regulators of
longitudinal bone growth and have interdependent roles in the regulation of growth and
skeletal function. A marked increase in the GH secretion rate, GH pulse amplitudes, and
sensitivity to GH occur during puberty in a gender-specific way [32,33], followed by an
increase in IGF-I serum concentrations [34,35]. After puberty, GH and IGF-I levels fall with
increasing age [34].

Puberty is a complex physiological process of developmental changes regulated by
multiple genetic and hormonal pathways. During puberty, adolescents reach sexual ma-
turity and become capable of reproduction [36]. Luteinizing hormone (LH) and follicular
stimulating hormone (FSH) are released from the pituitary gland in a pulsatile manner
in response to hypothalamic gonadotrophin-releasing hormone (GnRH) stimulation. The
number and amplitude of pulses increase at puberty, and there is an augmentation in
the production of sex steroid hormones, primarily estrogens in girls and androgens in
boys [36]. Puberty onset usually occurs after 8 years of age (range 8-13 years) in girls,
and the development of breast tissue (Tanner staging B2) is its clinical marker. In boys, a
testicular volume greater than 4 mL is the marker of puberty onset, between 9 and 14 years
of age [36]. The pubertal spurt commonly starts at B2 in girls and at a testicular volume of
around 10 mL in boys [36].

Many of the growth events during puberty are mediated by estrogens produced both
by the ovaries and the peripheral conversion of androgens by aromatase. Estrogen is
primarily responsible for the increase in GH secretion by the pituitary at puberty, mainly by
increasing the GH pulse amplitude. In both girls and boys, growth acceleration correlates
with a rise in circulating estrogen levels. However, rising testosterone levels have also been
shown to directly increase GH secretion [36], and it is thought that testosterone itself may
also contribute to bone formation via a direct effect on chondrocytes [37].

Around 6 to 8 years of age, a process known as adrenarche occurs: the zona reticularis
of the adrenal cortex develops, and the ACTH-dependent production of weak andro-
gen starts, specifically dehydroepiandrosterone (DHEA) and its sulphate (DHEAS) and
androstenedione [38,39]. These androgens contribute to sebaceous and apocrine gland
development. Signs of adrenarche are the development of body odor, greasy hair, mild
acne, axillary, and pubic hair [36,38,39]. These weak androgens stimulate longitudinal epi-
physeal growth and appear to stimulate osteoblast proliferation by interleukin-6 inhibition
and IGF-I stimulation, in contrast to estrogens, which accelerate epiphyseal chondrocyte
maturation and senescence leading to epiphyseal fusion [37,39]. Adrenal androgens are
presumably involved in bone maturation before pubertal onset [36,38,39].

4. Growth Plate Regulation

Longitudinal growth is determined by the elongation of the long bones through the
growth plates. The growth plate, or physis, is a highly organized cartilaginous portion at the
ends of the long bones and is responsible for longitudinal bone growth during development
driven by a process of chondrocyte proliferation, hypertrophy, and subsequent matrix
deposition [40]. At skeletal maturity, the growth plates are replaced by bone.

The growth plate is organized into distinct zones, each zone with a unique morphol-
ogy and function and under the regulatory control of local and systemic factors, such
as extracellular matrix (ECM) proteins, GH, IGF-I, parathyroid hormone-related protein
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(PTHrP), thyroid hormone, glucocorticoids, androgens, and estrogens [40,41]. The chon-
drocytes produce ECM and enzymes that control the mineralization and migration of
osteoblasts and osteoclasts, coordinating their own death. Bone formation starts with
prechondrogenic mesenchymal cells, which differentiate into proliferative chondrocytes
and metabolically active hypertrophic chondrocytes. The ECM is mainly composed of
type-1I collagen and aggrecan, a large proteoglycan. It is replaced by type-X collagen when
proliferative chondrocytes differentiate into hypertrophic chondrocytes [37,41,42].

Retinoic acid is important in growth plate homeostasis, controlling signaling pathways
such as fibroblast growth factors (FGF), the wingless/int-1 (Wnt)/3-catenin signaling
pathway, bone morphogenic proteins (BMP), and sonic hedgehog protein (Shh). Retinoic
acid binds to RAR and RXR and downregulates the transcription of genes that inhibit
cartilage growth and differentiation, skeletal growth, matrix homeostasis, and growth plate
function in postnatal mice. RARy was demonstrated to be expressed specifically in the
growth plate, from the proliferative zone to the hypertrophic zone [42,43]. Its activation
downregulates type-II collagen and aggrecan synthesis. Retinoic acid also suppresses
the secretion of FGF23 by osteoblasts and osteocytes, leading to an increase in calcitriol
synthesis, which in turn reduces chondrocyte proliferation [44].

The activation of FGF-receptor 3 (FGFR3) by FGF9 and FGF18 inhibits chondrocyte
proliferation and limits the lengthening of the long bones. FGFR3 induces premature exit
of proliferating chondrocytes into hypertrophy and enhances bone formation [41]. Cellular
communication network factor 2 (CCN2) has a significant role in matrix remodeling,
osteoclastogenesis, and angiogenesis during development and is particularly sensitive to
retinoic acid signaling [42].

A recent clinical case report has given support for the hypothesis that elevated retinoic
acid concentrations accelerate bone and dental maturation in humans [45]. The patient
was a 10-year-old prepubertal boy with retinal scarring, photophobia, autism spectrum
disease, markedly advanced bone age, and accelerated dental development. He was
born full term after an uncomplicated pregnancy and delivery, with a birth weight of
2.98 kg [—1.3 standard deviation score (SDS)] and birth length of 46 cm (—2.3 SDS). At
the physical exam, he had pubic hair Tanner II, a testicular size of 3-4 mL bilaterally,
and no gynecomastia. He presented with low serum vitamin A and elevated total and
13-cis-retinoc acid concentrations and a 3-year advance in bone age, which was advanced
in relation to the chronological age without elevated estrogen levels. This syndrome was
associated with a deletion on chromosome 10q23, which included the genes of the major
retinoic acid-metabolizing enzymes [45].

5. Isotretinoin Effects on Bone and Growth Plate

The skeletal effects of oral retinoid therapy have been described, including hyperostotic
changes or tendon and ligament calcification, reduced bone density, osteoporosis, and
premature epiphyseal closure [46,47], with susceptibility to adverse effects associated
with the retinoid dose, duration of therapy, and age of exposure. Although children and
adolescents are obviously the populations at risk for premature growth plate closure, they
appear to be relatively free from hyperostosis [48]. Table 1 summarizes the main studies
evaluating the effects of retinoids on bone and growth.

Table 1. Summary of main studies evaluating the retinoid effects on bone and growth.

Reason for Dose and Duration s .
Authors Study Type Retinoid Use of Therapy Main Findings
Oral isotretinoin:
Milstone et al, Case report Epidermolytic et by parin clowte o he pronil epiphyes of
1982 [49] 10-year-old boy hyperkeratosis y P p PPy

to 4-week periods off drug; the right tibia
total of 4 years
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Table 1. Cont.
Reason for Dose and Duration R,
Authors Study Type Retinoid Use of Therapy Main Findings
Case 1: Case 1: premature growth plate closure of
nonbullous Case 1: etretinate the right distal tibial epiphysis; shortness
- Case reports: ichthyosiform (0.5-2.5 mg/kg/day for of stature, thinning of long bones, and
Prendiville et al., - .
1986 [50] Case 1: 8.5-year-old boy erythroderma 6.3 years) traumatic fractures
Case 2: 11-year-old girl Case 2: Case 2: etretinate Case 2: bilateral fusion of both elbow
systematized (1 mg/kg/day for 5.4 years)  epiphyses and precocious narrowing of the

verrucous nevi

upper and lower femoral epiphyses

Striking growth arrest lines on long bones,

Marini et al Case report: Fibrodysplasia Oral isotretinoin: metaphysis of upper and lower extremities.
1988 [51] v 13-year-old bé)y ossificans 4-5mg/kg/day, for 5-9 months after discontinuance: gradual
: progressiva 5 months decrease of metaphyseal bands and
resumption of clinical growth
. Intraperitoneal isotretinoin: . . .
Staricgl;‘ée[rgze]t al, Animal study: guinea pigs Exp::llltg;ntal 21 mg /kg/ da.y for 7 days Irreversi)}iﬁpl;\l}s}’;(;(igclﬁiuf::tures of
via osmotic pump
Intramuscular vitamin A
(2,000,000 IU) + vitamin D Premature closure of growth plate
(300,000 IU) on the first day ~ (proximal and distal tibia, radius, hind, and
Woodard et al., Animal study: calves Experimental afAterll())iI(')tOlB, ?Sdl:) raldvitamin fqre limbsc)lby m iclr OS‘Z(;piC?l exarl?igation
1997 [24] (6 treated and 6 controls) study (10, /kg/day per In treated anima's. Atter 1 wee, bone
8 weeks), and after oral growth of the proximal tibia of a control
vitamin A animal was 136 pg/day; in the treated
(30,000 IU/kg/day per animal it was 25 pg/day
8 weeks)
Oral vitamin A: 50,000, Premature growth plate disappearance;
Kodaka et al., Animal study: 5 rats Experimental 100,000, and 150,000 IU /100 cosino hil%c cartﬂf o ban dspiﬁ higher !
1998 [21] treated and 5 controls study g/day for 5 days from P & &

4 weeks after birth

dose groups

Steele et al.,
1999 [53]

Case report:
14-year-old boy

Cystic acne

Oral isotretinoin:
75 mg/kg/day for 6 months

Bilateral knee pain, genu valgum; closure
of lateral femoral physis

Hobbie et al.,
2011 [54]

Retrospective review:
32 children (13 girls),
7.4-16.4-year-old

Neuroblastoma

Oral isotretinoin:
Group 1 (24 patients):

6 cycles 160 mg/mZ/day
(2 weeks on, 2 weeks off)
Group 2 (8 patients): did not
receive isotretinoin

Group 1: advanced bone age in 7 children,
9.5 years (6-10.5) from diagnosis-younger
median age at neuroblastoma diagnosis

Luthi et al.,

Case report:

Acne refractory

Oral isotretinoin:

Bilateral knee pain. Knee RM: acute
epiphysiodesis lesions with irregular

2012 [55] 16-year-old boy to topical 0.5 mg/kg/day for 7 months epiphyseal cartilage, and marked
treatments .
metaphyseal-epiphyseal oedema
Oral isotretinoin: 4 cycles of
500 mg/kg/day for
Zhao et al., Case report: Cvstic acne 6 months and a final Thoracic back pain,
2015 [56] 35-year-old man y long-term course gradually diffuse idiopathic skeletal hyperostosis
down-titrated to 20 mg/day
from 15-year-old
Oral isotretinoin: Bilateral premature closure of distal femur
Noyes etal, Case report: Medulloblastoma 11 cycles of 180 mg/m?/day and rofimal tibia growth plates; normal
2016 [57] 9-year-old girl (14-day cycles) for P & p ’

13 months

bone age in the hand and wrist

Steineck et al.,
2016 [58]

Case series:

Case A: 6-year-old girl
(at diagnosis)
Case B: 5-year-old boy
(at diagnosis)

Neuroblastoma

Oral fenretide:
Case A and B:

2475 mg/ m2/ day, delivered
as 800 mg orally three times
daily for 7 days, repeated
every 21 days, 70 courses
over 5 years (cumulative
dose 1212,750 mg/m?)

Premature epiphyseal closure
Case A: left knee pain; arm and leg length
discrepancy, short adult stature
(21-year-old): 154 cm (8th percentile),
mid-parental height 172.7 cm
(90th percentile).
Case B: genu varum; short adult stature
(20-year-old): 165 cm (5th percentile),
mid-parental height unavailable.
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Table 1. Cont.
Reason for Dose and Duration s ore o
Authors Study Type Retinoid Use of Therapy Main Findings
Oral isotretinoin: initial dose Knee pain, bilateral varus knee deformity
due to premature epiphyseal closure; polar
of 20 mg/day and ) .
Matsuoka et al., Case report: . irregularity of chondrocytes and decreased
. Neuroblastoma maintenance dose of . . -
2019 [22] 10-year-old girl . cartilage matrix without apoptosis by
40 mg/day for a total period hi X L
istopathological examination of the
of 9.8 years from 1 year- old.
growth plate
Oral isotretinoin Case A: 160 Bilateral knees plate closure
mg/m?/day, 2 weeks on, Case A: right leg deformity and length
Case series: 2 weeks off (cumulative discrepancy. Height at the 2.5 percentile
Duvalyan et al., Case A: 9-year-old girl Neuroblastoma dose: 19,200 mg/m?) (17-year-old)
2019 [48] Case B: 11-year-old boy Case Band C: Case B: progressive genu valgum. Height
Case C: 10-year-old boy 160 mg/m? /day, 2 weeks on, at the 0.06 percentile (14-year-old)
2 weeks off (cumulative Case C: leg length discrepancy. Height at
dose: 13,440 mg/m?) the 4.3 percentile (13-year-old)
Park et al., Case report: Neuroblastom Oral isotretinoin Genu varum: premature epiphyseal dlosur
2020 [59] 10-year-old boy curoblastoma (72.3 mg/m?/day) for 1 year it varumy premature epiphyseat cosure
Case—(?ontrol stydy: Oral isotretinoin 6/13: physeal abnorma}hneg; asymmetric
15 patients (8 girls): . genu valgum deformity-higher risk of
Kohetal, 49417 year Neuroblastoma (13 patients): 6 cycles of deformity if a child was above 5 year:
2021 [60] 9+£1.7 years euroblastoma - meg /m?2/day, 2 weeks on, eformity if a c as above 5 years.

12 controls (7 girls):
49 £ 1.9 years

2 weeks off

No significant growth differences in height
during follow-up

Physiologic growth plate closure occurs at different ages among boys and girls during
pubertal development. Magnetic resonance imaging showed that 50% of girls had fused
growth plates at 14-17 years, and 90% of them fused at 15-18 years. For the boys, 50%
and 90% had fused growth plates by 15-18 and 17-20 years, respectively [61]. Thus,
chronological age is not a reliable criterion to define the end of longitudinal growth, and
adolescents with open growth plates might be susceptible to premature closure related to
isotretinoin. Premature epiphysiodesis is a labeled side effect of isotretinoin, related to the
dose, age of exposure, and treatment duration, with more pronounced effects in young
individuals exposed to higher doses [46].

Premature epiphysiodesis was previously reported during treatment with high doses
of isotretinoin for pediatric neuroblastoma [16,48], though premature epiphyseal closure
was also reported in young patients treated with oral isotretinoin for acne [16]. The first
case report was a 14-year-old boy treated with a 6-month single course of isotretinoin
(0.75 mg/kg/day) for cystic acne. He reported bilateral knee pain during isotretinoin
use, and 12 months after, he presented pain and valgus deformity of his right knee. An
X-ray confirmed the valgus deformity and closure of the lateral femoral physis [53]. The
second case was a 16-year-old boy with knee pain and a previous 6-month single course
of isotretinoin (0.5 mg/kg/day) for acne refractory to topical treatments. The knee X-ray
was normal, but magnetic resonance imaging (MRI) revealed acute epiphysiodesis lesions
with irregular epiphyseal cartilage associated with a marked metaphyseal-epiphyseal
oedema, which was more severe on the left knee. The treatment was stopped, and the pain
disappeared over two months [55]. Both authors did not report the growth velocity, height,
or pubertal staging of the patients.

More recently, Delgado et al. published a study of 20 survivors of high-risk neu-
roblastoma (9.46-16.03 years) in complete remission and 20 matched, healthy controls
(10.36-14.11 years), with 7 females and 13 males in each group. Isotretinoin was a standard
treatment for high-risk neuroblastoma (mean cumulative dose: 8540 mg). In the high-risk
neuroblastoma group, 10 patients were prepubertal, 11 (55%) received GH therapy due
to GH deficiency, of which 6 were considered good responders. The height and weight
z-scores were markedly lower in the high-risk neuroblastoma survivors, whereas the body
mass index z-scores did not differ significantly. Three high-risk neuroblastoma boys had
bony bridges involving less than 25% of the physis, and nine high-risk neuroblastoma
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participants had femoral metaphyseal tongues on MRI. Diffusion tensor imaging (DTI),
used to evaluate physeal and metaphyseal structure and function, revealed physeal abnor-
malities correlated with short stature in the patients [62]. It is important to note that other
factors, such as radiotherapy used in the treatment of these patients, may also be involved
with these findings.

Retinoic acid may impact the growth plate with histological changes, through the
enhancement of cartilage matrix degradation, a loss of chondrocytes in the epiphyseal
cartilage, and invasion by osteoclasts, followed by apoptosis and endochondral ossifi-
cation [16,63]. On the other hand, recently, a histopathological study revealed a loss of
columnar organization in the growth plate with scattered cells, without signs of apoptosis,
suggesting that retinoids might affect the growth plate cartilage and induce epiphyseal
closure without apoptosis [22]. Other skeletal events have been associated with isotretinoin.
Arthralgia is a common complaint, and the knee seems to be the most affected joint, both
the tibial and femoral epiphysis. Effects on the elbow and ankle were also described [50].
Patients may experience asymmetric epiphyseal growth plate arrest with a valgus defor-
mity, suggesting that the pathophysiology of the arrest favors the lateral aspect of the
growth plate [55]. Calcium, phosphorus, and alkaline phosphatase serum levels are normal
during premature epiphysiodesis and are not good parameters to evaluate the effects of
treatment on bone health [49].

Interestingly, despite the closure of the growth plate in the lower extremity bones,
a radiograph of the hand and the wrist for bone age assessment might be normal for
chronological age, indicating that conventional methods of determining bone age are
inadequate when evaluating growth in patients treated with retinoids [16,57]. This is an
important clinical problem because bone age is, traditionally, a marker of bone maturation
that indicates the stage of endochondral maturation at the epiphysis and growth assessed
by radiography of the hands and wrists. In this setting, radiographic bone age can give
a false idea that growth is not being compromised. Therefore, X-ray follow-up is not
recommended for children and adolescents taking retinoids for acne treatment. If growth
velocity reduction and poor longitudinal growth occur, a detailed examination of the
patient’s medical history and magnetic resonance scans to diagnose partial fusion of the
epiphyseal cartilage are needed. Withdrawal of the drug should alleviate the pain and
allow normal growth in cases where the growth plate is not totally closed [55]. Surprisingly,
despite all these reports and considerations and knowing that acne vulgaris occurs more
frequently in teenagers during puberty, growth assessment is not usually recommended as
part of the clinical evaluation of adolescents on isotretinoin therapy for acne [1,15,17].

6. Isotretinoin Effects on GH-IGF-I Axis and Pituitary Hormones

Therapy with oral isotretinoin may interfere with GH physiology, but the data are
scarce. Oral isotretinoin upregulates the expression of p53, which inhibits the expression
of androgen receptors and IGF-IR and induces the expression of IGF-binding protein 3
(IGFBP3). It is well known that GH and IGF-I stimulate cell proliferation and inhibit apop-
tosis, while in contrast, IGFBP3 and some proteases exert antiproliferative and proapoptotic
effects [6]. IGFBP3 binds to RXR« and leads to the modulation of its transcriptional activity,
which is essential for mediating the effects of IGFBP3 on apoptosis [7,64]. The p53-mediated
induction of IGFBP3 gene expression inhibits mitogenic IGF-I signaling [64].

Twenty 3-week-old male rats were randomly divided into a control group and an
experimental group (n = 10). The experimental rats were treated by gavage with high-dose
ATRA for 10 days. After this period, the experimental rats exhibited a lower body weight
and shorter nasal-tail and radial tibial length than the controls. CYP26B1 enzyme activity
in the liver was elevated, and histopathological staining revealed a narrowed cartilaginous
epiphyseal plate, a sparse medullary cavity of trabecular bone, fewer trabecular bones,
and advanced bone marrow mineralization. The circulating GH, IGF-1, and IGFBP3 levels
decreased. The authors concluded that high-dose ATRA intake over a brief period reduces
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GH, IGF-1, and IGFBP3 levels, affects cartilage and bone homeostasis, and inhibits bone
growth in developing animals [65].

Karadag et al. studied the effect of isotretinoin on the GH-IGF-I axis in 47 patients
(1540 years) with acne. The therapy was initiated at a dose of 0.5-0.75 mg/kg/day and
adjusted to 0.88 mg/kg/day as a maintenance dosage after 1 month. After 3 months of
treatment, the IGF-I and IGFBP3 levels significantly decreased, while the mean basal GH
levels did not change [19]. In another study of the same group of researchers including
105 patients with acne (1442 years), the participants were divided into three groups based
on the isotretinoin dose: 0.5-1.0 mg/kg/day (high dose—group 1), 0.2-0.5 mg/kg/day
(low dose—group 2), and an intermittent 0.5-1.0 mg/kg/day only one week per month
(intermittent dose—group 3). After 3 months of therapy, the isotretinoin significantly
reduced the IGF-I and random GH levels in groups 1 and 2, and these effects were more
pronounced in the high-dose group. The IGFBP3 levels were significantly reduced in all
three groups, and the weakest effect was seen in the intermittent-dose group [66]. The
total testosterone and cortisol levels decreased, and the sex hormone-binding globulin
(SHBG) levels increased significantly in the three groups after therapy. Moreover, significant
reductions in the LH, prolactin, ACTH, cortisol, and free triiodothyronine (fT3) levels were
also observed in the low- and high-dose groups but not in the intermittent group, while
the FSH and TSH did not change [66]. On the other hand, Rodighiero et al. did not show
a significant reduction in the IGF-I levels in a group of 10 patients (14-30 years) with
severe acne treated with progressive doses of oral isotretinoin up to a cumulative dose
of 120 mg/kg after 3 months [67]. In this study, the other 36 patients with acne vulgaris
received other therapies following the European Dermatology Forum guidelines, and in
the whole group, the IGF-I levels were higher in the patients than in the controls but with
no significant variation after treatment [67]. Similar findings of the association between
acne severity and IGF-I levels were also reported by other investigators in smaller studies
with a brief period of observation including patients within a wide range of ages [68-70].

Bexarotene, a synthetic RXR-selective retinoid, causes central hypothyroidism, and high
doses of levothyroxine are required for its treatment. This synthetic retinoid seems to suppress
TSH production and increase thyroid hormone degradation by a non-deiodinase-mediated
pathway [71]. Decreases in fT3 levels may be caused by the RXR-mediated suppression of
TSH gene expression, and reversible hypothyroidism was previously shown [3,71,72]. A
decrease in fT3 can lead to impaired growth during puberty, but more studies are needed to
prove these effects of isotretinoin on the hypothalamic—pituitary—thyroid axis.

The mechanisms of the possible actions of oral isotretinoin on growth and final height
are shown in Figure 2.

ORAL ISOTRETINOIN

ey 1 p53 expression J free T, (?) Growth plate.: )

IGE:IR Central hypothyroidism PEGER3GCHIT
{1 GH M cartilage matrix degradation
IGFBP3 . Tapoptosis (?)
A M IGFBP3 expression { chondrocyte proliferation
TPosteoclast activity
L IGF-I signaling

Premature
J androgens IMPARED GROWTH epiphyseal

closure

Figure 2. Potential mechanisms of the actions of oral isotretinoin on growth. Notes: IGF-I, insulin-
like growth factor I; IGF-IR, insulin-like growth factor I receptor; GH, growth hormone; IGFBP3,
insulin-like growth factor-binding protein 3; T3, triiodothyronine; FGFR3, fibroblast growth factor
receptor 3.
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7. Conclusions

Isotretinoin might cause growth impairment by inducing premature fusion of the
growth plates, which seems to be associated with younger age, incremental doses, and the
duration of the therapy, beyond individual susceptibility. The GH-IGF-I axis and other
hormones may be affected during treatment, but further research is necessary to determine
the magnitude and consequences of this effect and the participation of the different players.
Moderate and severe acne, skeletal deformities, reduced longitudinal growth, and impaired
final adult height may cause psychological and self-esteem problems in adolescents and
young adults. Since the effects of the selected doses of isotretinoin for the treatment of
acne on the growth plate and longitudinal growth are not clear yet, we recommend careful
discussion of the negative effects and benefits of this treatment with patients and parents.
If there is any concern about adult height, the use of isotretinoin should be avoided during
childhood and adolescence as much as possible to preserve the height potential.
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