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Abstract Information on the impact of prolonged defi-
cient glycemic control in the quality of the gonadotropin
signal delivered by the pituitary gland during puberty in
children with insulin-dependent diabetes mellitus (IDDM)
is scarce. In the present study, we examined the impact of
deficient glycemic control on bioactive LH and FSH con-
centrations and their corresponding biological-to-immu-
nological (B:I) ratio in boys with poorly controlled, but
systemically uncomplicated IDDM. Dual control groups
comprising patients with well-controlled IDDM and heal-
thy boys of comparable age and body mass index were
included for appropriate comparisons within and between
each pubertal stage. Patients with poorly controlled and
well-controlled IDDM exhibited serum bioactive FSH
levels and B:I FSH ratio similar to those showed by the
healthy control group. In contrast, in early and mid-
pubertal boys with poorly controlled IDDM bioactive LH
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levels were normal, but its B:I LH relationship was
significantly (P < 0.05) decreased. This attenuation in the
quality of the LH signal did not affect total serum T
concentrations, and apparently, progression of puberty.
Long-standing uncontrolled diabetes and the consequent
metabolic disturbances and/or complications may aggra-
vate the reproductive axis dysfunction and eventually
provoke pubertal arrest.
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Introduction

The pituitary gonadotropins, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) are members of the
glycoprotein hormone family that also includes thyrotropin
and chorionic gonadotropin. These glycoproteins consist of
a common ¢-subunit and a unique f-subunit, which confers
receptor specificity [1-4]. Gonadotropins do not exist as a
single post-translational molecular structure, but rather as
an array of isoforms that are hormonally regulated [5]. In
LH and FSH, carbohydrates play a major role in structure
and function since they influence not only intracellular
subunit folding and secretion of the heterodimer, but also
its circulatory survival, receptor binding, and capacity to
evoke signal transduction at the receptor level [5, 6]. The
number and relative abundance of these isoforms will
depend on the endocrine status of the donor at the time of
collection of the tissue or sample [5-10].

The onset of puberty is associated with striking
hormonal changes that include a progressive increase in
the circulating concentrations of gonadotropins and sex
steroids, resulting from the re-awakening of the GnRH
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pulse generator [11]. During normal puberty, both immu-
noactive and bioactive LH and FSH concentrations in-
crease gradually, being more evident at the initial stages
[12—14]. In both experimental animals and humans, it has
been documented that the increase in bioactive gonado-
tropin levels is associated with biochemical modifications
in the oligosaccharide structure of gonadotropins, which in
turn leads to changes in the circulating gonadotropin iso-
form mixture and its in vitro biological-to-immunological
(B:I) ratio [5, 15-17]. The recognition in experimental
animals and in humans that GnRH and sex steroid
hormones modify the charge isoform distribution of
gonadotropins, suggests that progressive exposure of the
pituitary to these factors is responsible for the changes in
gonadotropin glycosylation and for the efficiency of the
gonadotropin signal to initiate and/or maintain gonadal
function during puberty.

Children suffering from chronic diseases, generally
present delayed onset of puberty or pubertal arrest with
reduced growth spurt; the basis for these abnormalities are
multifactorial [18-20]. In patients with insulin-dependent,
type 1 diabetes mellitus (IDDM) the function of the
reproductive axis is altered in a variable extent; in fact,
this metabolic disorder may delay the onset of sexual
maturation in children [21-27]. Recently, Lopez-Alvar-
enga and colleagues [28], documented that the hypotha-
lamic-gonadotrope axis is severely compromised in young
men with poorly controlled, but systemically uncompli-
cated IDDM and that, paradoxically, the reduced gona-
dotropin secretion is compensated by an increase in
circulation of gonadotropins enriched in biological activ-
ity, which are apparently sufficient to temporarily maintain
normal levels of sex steroids. To date, there is no infor-
mation on the impact of prolonged deficient glycemic
control in immunoactive and bioactive serum gonadotro-
pin levels during puberty in children with IDDM, or
whether, if present, the altered gonadotropic stimulus may
potentially affect serum testosterone levels and the onset
or progression of puberty.

In the present study, we examined the impact that
deficient glycemic control has on the quality of gonado-
tropins present in the circulation of pubertal IDDM boys,
measured by in vitro bioassays. Patient selection was re-
stricted to boys with poorly controlled, but systemically
uncomplicated IDDM (IDDM-U) in whom their pubertal
stage at the time of the study was accordant with their
chronological age. In addition, dual control groups com-
prising patients with well-controlled IDDM (IDDM-C) and
healthy boys of comparable age and body mass index were
included for appropriate comparisons within and between
each pubertal stage.

Results

Table 1 summarizes basal serum immunoreactive go-
nadotropins and testosterone (T) levels in the groups
studied. In healthy boys, baseline serum gonadotropin and
T levels increased progressively throughout puberty. The
first significant increase in all three hormones was observed
early in puberty and maximal values were detected at
Tanner stages (Ts)-3 (T levels), -4 (FSH levels), or -5 (LH
levels). In IDDM patients, maximal T levels were attained
at Ts-4 (IDDM-C group) or Ts-5 (IDDM-U group),
whereas serum gonadotropin levels peaked at Ts-2 (FSH)
and Ts-3 or -4 (LH). In each group, there was a consid-
erably large inter-individual variations in hormone con-
centrations despite its fairly homogeneous composition.

Serum from each subject was tested for LH and FSH
bioactivity employing heterologous in vitro bioassay sys-
tems. Incubation of human embryonic kidney-293 (HEK-
293) cells expressing the recombinant LH or FSH receptor
(R) with increasing amounts of standard or unknown
samples, induced significant and parallel dose-dependent
cAMP accumulation (Fig. 1). In all groups, bioactive LH
levels dramatically increased during Ts-2 and Ts-3 and
then decreased to levels intermediate between those
detected at Ts-1 and Ts-2 (Table 1). In contrast, bioactive
FSH levels reached maximal values at Ts-2 or Ts-3 and
remained constant during latter stages. Comparisons among
the resulting relative B:I gonadotropin ratios across puberty
revealed that the B:1 LH ratio was higher in normal and IDDM
subjects at Ts-2 and Ts-3 than in prepubertal children
(Fig. 2A). However, this increase in relative B:I LH ratio was
less pronounced in IDDM-U patients than in controls; in fact,
median values of this ratio in Ts-2 and Ts-3 IDDM-U patients
were significantly (P < 0.05) lower than in IDDM-C (at Ts-3)
and normal controls (at both Ts-2 and Ts-3). An abrupt decline
in the B:I LH ratio was observed with progression of puberty
in all groups, with no significant differences among the groups
at Ts-1, -4, and -5. In all groups, the B:I FSH ratio rose during
early to mid-puberty; this increase, however, was less marked
than that observed for LH, particularly in patients with IDDM
(Fig. 2B). There were no significant differences in realtive B:I
FSH ratio among IDDM patients and controls at the same
pubertal stage.

Discussion

Several studies in experimentally induced and spontane-
ously occurring diabetes, have demonstrated that uncon-
trolled diabetes may potentially alter the function of the
reproductive axis [29-34]. Men with uncontrolled IDDM
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Fig. 1 Impact of increasing concentrations of bioactive LH in serum
samples from healthy boys (HCS), IDDM-C, and IDDM-U patients in
Tanner stage-3 to elicit cAMP production by HEK-293 cells

Fig. 2 Biological-to-
immunological (B:I) LH (A)
and FSH (B) ratio in healthy
pre-pubertal and pubertal boys
and patients with IDDM. Box
plots represent the median
(horizontal lines), quartiles
(boxes), and extreme values for
a single group within clusters
defined by Tanner stage. The
box length is the interquartile
range (75%-25%). Different
letters above bars indicate the
existence of significant

(P < 0.05) differences between
(capital letters) pubertal stages
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present normal or low serum T and LH concentrations, and
exhibit variable gonadotropin responses to exogenous
GnRH [22, 27]. Reproductive impairment observed in men
with diabetes could be the result of interference by the dis-
ease on the hypothalamo—pituitary—testicular axis at multi-
ple levels [28]. This impairment could be due to changes in
the net biological potency of both gonadotropins in response
to multiple physiopathological processes, including severity
and duration of hypoinsulinism and/or hyperglycemia, as
well as presence of secondary metabolic disturbances (such
as ketosis) that may accompany and potentially aggravate
the effects of insulin deprivation on the hypothalamus, the
pituitary and/or the testes [27, 33, 35].

The present cross-sectional study, attempted to analyze
the effects of deficient diabetic control during male puberty
on immunoactive and bioactive serum gonadotropin con-
centrations and their biological-to-immunological potency
relationship, an index known to be strictly influenced by
changes in the carbohydrate structure of the gonadotropin
molecule [5]. In fact, measurement of the B:I gonadotropin
ratio has been shown to be an useful parameter to detect

Tanner stage

4 5 1

Tanner stage

changes in the mixture of circulating isoforms that occur in
several conditions, including puberty [16, 17, 36], the
menstrual cycle [7, 37-39], and senescence [40, 41], which
are characterized by striking changes in sex steroid hor-
mones and GnRH output.

Employing a heterologous in vitro bioassay system and
a polyclonal antibody-based immunoassay with sufficient
sensitivity to detect relatively low-serum gonadotropin
concentrations, we found that in normal boys and IDDM
patients serum immunoreactive and bioactive gonadotropin
concentrations rose gradually during early and mid-pub-
erty. However, the increment in bioactive LH and FSH
concentrations exceeded their corresponding immunoreac-
tive levels, leading consequently to a marked increase in
the calculated B:I ratio during these pubertal stages. This
observation agrees with previous studies showing that both
plasma bioactive LH concentrations and the calculated B:I
LH ratio increase across male puberty [42, 43], but not with
studies employing monoclonal antibody-based immunoas-
say procedures [44, 45], thus emphasizing the potential
effect of differential glycosylation on the reactivity of
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glycoproteins toward certain antibodies [46—49]. The ob-
served changes in relative in vitro bioactivity and B:I ratio
of gonadotropins across puberty, may result from modifi-
cations in the carbohydrate structure of gonadotropins as
documented by studies showing that both serum LH and
FSH charge isoform distribution changes during early
normal puberty in males [16, 17], due presumably to pro-
gressive exposure to sex steroid hormones and/or GnRH
[38, 41, 50-58].

In contrast to the pattern observed in normal controls
and IDDM-C patients, boys at Ts-2 and Ts-3 with uncon-
trolled IDDM exhibited significantly lower relative B:1 LH
ratios. Interestingly, it is during these pubertal stages when
both the reactivation of the hypothalamic—pituitary—gona-
dal axis and pubertal growth spurt occur [59-61]. This
decrease in net relative in vitro biopotency in IDDM-U
could explain, in part, the previously noticed delayed and/
or slow progression in sexual development and growth
showed by chronically uncontrolled IDDM children [62—
64]. The fact that the IDDM-U patients studied herein did
not exhibit either pubertal delay, growth arrest, or de-
creased serum T levels may be due to the relatively short
period of glycemic lack of control and/or the absence of
acute complications such as ketosis. The factor(s) respon-
sible for the altered B:I LH ratio in poorly controlled
IDDM is unknown. Nevertheless, changes in this rela-
tionship could reflect abnormal post-translational process-
ing of the LH molecule. In fact, glycosylation and sulfation
of terminal oligosaccharide residues control the in vivo
metabolic clearance and the in vitro biopotency of human
LH [5, 6, 65]. In this scenario, the decreased in vitro B:I
ratio in a setting of normal serum bioactive LH levels in
uncontrolled IDDM pubertal boys, could result from the
retention in the circulation of immunoreactive LH species
with decreased potency at the target cell level. Further, a
sustained exposure to a glucose-enriched endogenous
milieu may promote non-enzymatic glycation of LH mol-
ecules, rendering isoforms with reduced functional prop-
erties, as previously observed for glycated insulin species
in type 2 diabetes [66].

Our finding of decreased relative B:I LH ratio in poorly
controlled IDDM contrasts with a previous study in which
in vitro bioassay of LH revealed elevated values in young
adult men with uncontrolled diabetes mellitus [28]. The
precise basis for this latter contrast is not known. Plausible
explanations include (1) differences in age and thus in the
maturity of mechanisms controlling gonadotropin synthe-
sis, glycosylation, and secretion; (2) use of different
sampling protocols (single vs. pooled samples) and/or (3)
differences in the in vitro bioassays employed (heterolo-
gous vs. homologous recombinant receptor bioassay
systems). Whatever the reason for these apparent discrep-
ancies, the overall data indicate that the B:I LH ratio and

thus the glycosylation of the gonadotropin molecule,
may be susceptible to alterations by relatively prolonged
hypoinsulinism.

In summary, the B:I LH relationship is altered in early
and mid-pubertal boys with poorly controlled, but sys-
temically uncomplicated IDDM. This attenuation in the net
biopotency of the LH signal does not affect total serum T
concentrations and apparently, progression of puberty,
which may be explained by the absence of systemic com-
plications, preserved LH-independent compensatory
mechanisms and/or residual insulin activity. Long-standing
uncontrolled diabetes and the consequent metabolic dis-
turbances and/or complications may alter the function
of the reproductive axis and eventually provoke pubertal
arrest.

Subjects and methods
Subjects

A total of 105 prepubertal [Tanner stage (Ts) -1), pubertal
(Ts-2 to -4) and postpubertal (Ts-5) male subjects, classi-
fied on the basis of testicular volume [volume = 7/6
(largest diameter X smallest diameterz)] [67] agreed to
participate in the study. Informed written consent from
each patient and/or his parents was obtained. The study
protocol was approved by the Institute’s Human Research
Committee.

Three different groups of subjects were included.
The primary cohort comprised 35 IDDM subjects, aged
11-16 years with poor (but nonketotic) glycemic control
(IDDM-U group), defined as glycated hemoglobin Alc
levels >10% over at least the preceding 3 months
(Table 2). Daily insulin doses (administered in a 1 or 2
injection of intermediate insulin/day) ranged from 1.03 to
1.69 U/Kg. A disease-specific control group included 35,
9-17 years old IDDM patients, with optimal or suboptimal
metabolic control (IDDM-C group), defined as glycated
hemoglobin Alc levels <8% over at least the preceding
3 months. Daily insulin requirements for this group ranged
from 0.84 U/Kg to 1.55 U/Kg. None of the IDDM patients
were taking medication that could potentially alter serum
gonadotropin levels and none had clinical or biochemical
evidence of proliferative retinopathy, renal or thyroid dis-
ease. A healthy control cohort (HCS group) included 33
normal boys or young adult men, aged 11-23 years with
normal glycated hemoglobin concentrations. Subjects in
this group were selected among boys attending our endo-
crine outpatient clinic for non-pathological conditions
(i.e., constitutional short stature) or relatives of others
patients.Insulin-dependent diabetes mellitus patients were
included only when two HbAI1C concentration values,
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measured in samples obtained in two consecutive visits to
our outpatient clinic, were above or below the limits pre-
established in the study design (=10% for the IDDM-U
group and <8% for the IDDM-C group). No IDDM patients
with glycemia <3.9 mmol/l or > 16.8 mmol/l on the day of
study were included.

Blood samples (7 ml each) were collected from an
antecubital vein, after an overnight fast. Samples were
allowed to clot at room temperature for 30 min, and then
were centrifuged at 1,000 X g for 10 min. Aliquots from
each individual serum sample were stored frozen at —20°C
until later assay.

Methods
In vitro bioassay of human LH and FSH

In vitro LH and FSH bioassays and RIA were applied
separately to single serum samples. These in vitro bioas-
says monitor cAMP production by human embryonic
kidney-293 (HEK-293) cells stably transfected with
either the full-length rat LH receptor or the rat FSHR.
The recombinant LH and FSH receptors cloned into
the pcDNA3.1/V5-His-TOPO-TA expression vector were
generated as described elsewhere [68]. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Life
Technologies, Gaithersburg, MD, USA), pH 7.3, supple-
mented with 2.5% (LHR bioassay system) or 5% (FSHR-
based assay) fetal calf serum (Gibco, BRL), 2 mmol/l
L-glutamine (Sigma Chemicals Co, St Louis, MO, EUA),
100 mg/ml geneticin (Life Technologies), 50 IU (LH bio-
assay) or 100 TU (FSH bioassay)/ml penicillin, and 100 pg/
ml streptomycin (Sigma Chemical Co, St. Louis, MO,
USA), and grown in 162-cm?® flasks (Costar, Cambridge,
MA, USA). Confluent cells were scraped and plated in 24-
well culture plates (Costar) for 24 h at 37°C in 5% COs,.
Cells (5 % 10* cells/culture dish) were cultured for 24 h,
and then washed with unsupplemented DMEM and ex-
posed to increasing doses of either each sample or the
LER-907 reference standard (National Hormone and
Peptide Program, Torrance, CA) in the presence of 0.125
(LH bioassay) or 0.2 (FSH bioassay) mmol/l 1-methyl-3-
isobutyl-xanthine (Sigma) dissolved in 400 pul of DMEM
supplemented with fetal calf serum, L-glutamine and anti-
biotics for 24 h at 37°C. Samples (unknowns and stan-
dards) were diluted with serum from women treated with
oral contraceptives that contained LH and FSH immuno-
and bioactivities not distinguishable from the zero dose,
such that the concentration (vol/vol) of serum in each
sample did not exceed 10% (LH bioassay) or 20% (FSH
bioassay). To avoid the interference of serum factors in the
FSH bioassay, serum samples were heated at 56°C for

10 min [69]. After incubation, the media and cells were
boiled at 95°C for 3 min and stored frozen at —20°C until
the cAMP assay. The minimal detectable responses of the
assays were 0.075/well mIU LER-907/tube for LH bioac-
tivity and 0.25 mIU/well for FSH bioactivity. Each sample
was assayed in duplicate incubations and at 2-3 different
doses (12.5-75 pl per sample) to ascertain for parallelism
with the standard curve. Between- and within-assay coef-
ficients of variation at the 50% effective dose were <18%
and <10% for the LHR bioassay system and <17% and
<10% for the FSHR-based bioassay, respectively.

Total (intra-plus extracellular) cAMP was measured by
RIA after acetylation of samples, as previously described
[70]. The sensitivity of the assay was 4 fmol/tube and the
between- and within-assay coefficients of variation ranged
were <11% and <7%. Mean bioactive LH and FSH was
calculated by interpolation of at least two different con-
centration doses assayed. Data are expressed as the mean
relative B:I activity ratio (i.e., the biopotency of LH or FSH
exhibited by the unknown samples in the in vitro bioassays
expressed as a function of total (immunoreactive) hormone
present in the circulation), calculated after conversion of
the results to IU/L of the 2nd IRP-HMG). Considered as a
functional parameter, changes in in vitro B:I ratio mirror
variations in the relative in vitro biopotency of a given
sample at the target cell level [9, 71]. As previously
reported [5, 9, 71], changes in this ratio is a reliable indi-
cator of the occurrence of structural modifications in the
carbohydrate structure of the gonadotropin molecule.

LH, FSH, and testosterone immunoassays

Aliquots (12.5-100 pl) of samples from each subject were
analyzed for immunoreactive LH and FSH content by
previously reported [72, 73] radioimmunoassay (RIA)
procedures. Briefly, the RIA of LH was performed
employing '®I-labeled LH-I3 as the tracer (specific
activity 70-90 uCi/ng protein), the reference LH prepara-
tion LER-907 as the standard, and the antiserum for human
LH-3 at a final dilution of 1:800,000 [19]. Cross-reactivity
of this antiserum with highly purified FSH, growth
hormone, and prolactin is <0.2%. The sensitivity of the
assay was 0.70 TU/I as expressed in terms of the Second
International Reference Preparation of human menopausal
gonadotropins [(2nd IRP-HMG); 1 mg LER 907 = 277
IU]. The FSH RIA was performed employing '*’I-labeled
FSH I-1 as the tracer (specific activity 60-70 uCi/pg
protein), LER-907 as the standard, and anti-human FSH-6
at a final dilution of 1:250,000 as the antiserum [73]. This
antiserum exhibits less than 0.1% cross-reactivity with
highly purified human LH and prolactin, and undetectable
reactivity with free o-subunit and growth hormone. The
sensitivity of the assay was 0.24 mIU/tube (2nd IRP-HMG;
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1 mg LER-907 = 53 IU)]. All LH and FSH RIA reagents
were generously provided by the National Hormone and
Peptide Program. In both RIAs, the within- and between-
assay coefficients of variation were determined using
multiple replicates (3 replicates per dose) of a serum pool
collected from postmenopausal women, assayed at dose
levels that displaced the corresponding tracers from the
antibody at 10-20%, 45-60%, and 75-90% total binding;
these coefficients ranged from 4-6% to 6-15%, respec-
tively.

Serum testosterone levels were determined in duplicate
by time-resolved immunofluorometric assay (IFMA) (Delfia,
PerkinElmer, Mexico) [74, 75]. The sensitivity of the assay
was 0.3 nmol/l. To avoid interassay variations, samples
from subjects in same pubertal stage were analyzed in the
same assay run. The within- and between-assay coefficients
of variation were <5.0% and <7.5%, respectively.

Statistical analysis

Given the relatively small sample size in each pubertal
stage (7 subjects per Tanner stage) and that the different
measurements did not fit a normal distribution (according
to the Kolmogorov—Smirnov test for normality), differ-
ences between groups were calculated employing non-
parametric statistics (Kruskall-Wallis one-way analysis of
variance and the Mann—Whitney test for post-hoc con-
trasts). Probabilities <0.05 were considered statistically
significant.
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