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Abstract
Objective—To evaluate for direct toxic effects of high glucose concentrations on cellular
physiology of GnRH secreting immortalized GT1-1 neurons.

Design—Prospective experimental design.

Setting—In vitro experimental model utilizing cell culture system.

Interventions—GT1-1 cells were cultured in replicates in media with two different glucose
concentrations (450mg/dl & 100mg/dl respectively) for varying time intervals (24, 48 and 72 hours).

Main Outcome Measures—Effects of glucose concentrations on GnRH secretion by the GT1-1
neurons were evaluated using a static culture model. Cell viability, cellular apoptosis and cell cycle
events in GT1-1 neurons maintained in two different glucose concentrations were assessed by flow
cytometry (FACS) using Annexin V-PI staining.

Results—Adverse influences of high glucose concentrations on GnRH secretion and cell viability
were noted in cultures maintained in high glucose concentration (450mg/dl) culture medium for
varying time intervals. A significantly higher percentage of cells maintained in high glucose
concentration medium demonstrated evidence of apoptosis by FACS.

Conclusion—We provide in vitro evidence of glucose induced cellular toxicity in GnRH secreting
GT1-1 neurons. Significant alterations in GnRH secretion, reduced cell viability and a higher
percentage of apoptotic cells were observed in GT1-1 cells maintained in high (450mg/dl) compared
to low (100mg/dl) glucose concentration culture medium.
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Introduction
Poorly controlled diabetes mellitus is associated with a spectrum of reproductive deficits
ranging from delayed menarche, menstrual irregularities and infertility (1–5). Menstrual
irregularities may be seen in up to 20–30% of patients (3) and a pre-ponement of menopause
by 6 years has also been reported (4). Amongst type 1 diabetics, those in whom the onset of
metabolic dysfunction manifested in pre-pubertal years, and those with poorly controlled
diabetes are identified as being at the greatest risk for reproductive dysfunction (5). An
association between menstrual irregularities and hemoglobin A1c levels is described and
reproductive deficits are especially notable in the setting of poorly controlled diabetes.
Pathophysiological mechanisms influencing the reproductive behavior in type I diabetes have
been extensively studied in pharmacologically induced "insulinopenic" diabetic animal models
(6–7).

The reproductive axis is driven by a synchronous functioning of the hypothalamo-pituitary-
ovarian (HPO) axis. Each of the levels of the HPO axis, i.e. the hypothalamic pulse generator
releasing the gonadotropin releasing hormone (GNRH), the pituitary gonadotrophs secreting
gonadotropic hormones (follicle stimulating hormone and luteinizing hormone) and the
ovarian oocyte-granulosa cell units responsible for secreting the reproductive hormones
estradiol and progesterone have all been explored to varying degrees in attempts at
understanding mechanisms underlying the reproductive dysfunction of poorly controlled
diabetes.

The importance of insulin homeostasis in the regulation of GnRH secretion is established in
studies examining LH secretion in diabetic models (8–10). Serum levels of luteinizing hormone
(LH) are commonly utilized as a surrogate for GnRH release due to the short half life of 2–4
minutes of the latter. Peripheral insulin administration in addition to lowering serum glucose
levels has been demonstrated to restore LH Pulsatility in the diabetic animal models (11).
Interestingly, central (ICV) insulin administration has recently been shown to restore the LH
surge (9–10) in diabetic rat and sheep models, despite persisting peripheral hyperglycemia.
These latter finding imply a key role for central insulin in the functioning of the GnRH pulse
generator.

Chronically elevated glucose concentrations are purported as a major pathogenic mechanism
underlying the end organ damage associated with poor metabolic control of diabetes (12–15).
Toxic effects of high glucose concentrations on a variety of cells including neurons are well
described. Apoptosis has been substantiated as an underlying pathogenic mechanism in states
of end organ damage associated with poor glycemic control, e.g. diabetic neuropathy and
cardiomyopathy, as well as in experimental models (16–19). Although limited data suggest
that the number of LHRH neurons in the septal and pre-optic areas are preserved in rats
following experimental diabetes of short duration (7), the actual state of viability of these
neurons remains unaddressed and direct toxic effects of chronic exposures to high glucose
concentrations on the hypothalamic GnRH secreting neurons remain relatively unexplored.

We utilized an in vitro cell culture model of GnRH secreting GT1-1 neurons as a surrogate for
the assessment of toxic effects of high glucose concentrations on cell viability and on the
secretory function of these neurons. GT1 cells belong to an immortalized line of mouse
hypothalamic GnRH secreting neurons that exhibit a pulsatile secretion of GnRH; the secreted

Pal et al. Page 2

Fertil Steril. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GnRH can be easily quantified and this system has been widely utilized in attempts to improve
our understanding of the functioning of the HPO pulse generator. We hypothesized that high
glucose concentrations have direct adverse influences on the GnRH secreting neurons, will
induce cellular apoptosis and impair GnRH secretion by the GT1-1 neurons.

Design
Prospective, controlled experimental design.

Materials & Methods
Cell Culture

Immortalized GnRH secreting GT1-1 neuronal cells were provided courtesy of Dr. J. Pollard,
having originated from Dr. P. Mellon's Laboratory (University of California, San Diego).
GT1-1 cells were cultured in polystyrene culture plates in density of 106 in equi-osmolar culture
media containing two different glucose concentrations (DMEM high glucose-450mg/dl and
DMEM low glucose, 100mg/dl, Gibco, life technologies), and supplemented with 10% fetal
bovine serum (FBS) and antibiotics Penicillin 1mg/ml and Streptomycin 0.5mg/ml. Cells were
cultured for varying time intervals (24,48 hours and 72 hours) at a humidified atmosphere with
5% CO² at 37° C.

Secreted and cellular GnRH assays
A static culture model was employed. Cells were plated in density of 106 per 60mm culture
dishes and exposed to different glucose concentrations, in two separate experiments (each
performed in six replicates per condition) utilizing varying durations of exposure to the
respective glucose concentrations (48 hours and 72 hours respectively). GnRH levels in the
culture medium (secreted) and in the lysed cells (cellular) were assayed using RIA and are
reported as normalized per million cells. (LHRH assay kit, Peninsula laboratories, PA, USA,
limit of detection of 2pg/ml and inter-assay CV of 12%). In a separate experiment (six
replicates), to confirm appropriate cell function and adequacy of culture technique, the effect
of a known secretagogue (8-bromo cAMP 2.5mM) on GnRH secretion by GT1-1 cells was
analyzed.

Pulsatility of GnRH secretion
Adherent cells at 70% confluence were washed with PBS, allowed to acclimatize in 1ml PBS
with respective glucose concentrations (100mg and 450mg/dl) for 60 minutes; culture medium
was sequentially aspirated and replaced with 1ml aliquots of PBS at 15 minute intervals over
a one hour period. Aspirated culture medium was centrifuged at 3500 rpm at −4° C for 5
minutes; pellet was discarded and the supernatant stored at −20° C for subsequent assay for
baseline secreted GnRH.

Cellular GnRH
At the end of experiment, adherent cell monolayers were trypsinized; cell counts were
performed and cell viability was assessed. Harvested cells were lysed (0.1N HCl followed by
brief sonicade for 10 seconds), centrifuged as described and supernatant stored at −20° C for
analysis of total cellular GnRH. Concentrations of secreted and cellular GnRH were normalized
per million cells.

Cell Viability Assays
ia. Trypan blue (2%) exclusion assay—Living cell membranes are impervious to trypan
blue dye penetration, whereas dead cells stain blue. Percentages of nonviable cells were
calculated for cultures exposed to media with different glucose concentration. Effects of
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glucose concentration on cell viability were assessed in eight different experiments (all in
replicates of three cell cultures per condition) utilizing varying durations of exposure to the
respective glucose concentrations. In 3/8 experiments, cells were cultured for 24 hours;
additional 3/8 involved cultures over 48 hours and 2/8 utilized cell cultures for 72 hours in the
respective media. Cell counts were performed under light microscopy (Olympus, BX60) at
20× magnification using a hemocytometer and percentage of non-viable (blue) cells were
calculated.

Apoptosis
Fluorescent activated cell sorting (FACS)—The capacity of flow cytometry for rapid
and individual analysis of a large number of cells makes this an ideal tool for assessment of
cellular events. The apoptotic cells maintain membrane integrity and can be recognized by
their diminished stainability with DNA specific fluorochromes (e.g. PI). The poor uptake of
DNA avid dyes is a combination of both membrane preservation and degradation of DNA and
subsequent loss from the cell (20). In a single experiment, following 72 hours of culture in
respective glucose concentrations (six replicates per condition), cells were harvested and
subjected to FACS analysis. FACS was performed using the Becton Dickinson FACS Scan
Flow Cytometer (488nM blue laser). Utilizing nuclear/DNA fluorochromes, FACS provides
a reliable interpretation of cell cycle events (G1, G2 and S) based on DNA histogram to detect
cell cycle distribution (21). Analysis was performed using dual staining with annexin V and
propidium iodide (PI) using a commercially available kit (The MBL MEBCYT ® Apoptosis
Kit, Woburn, MA). Annexin V staining is based on an early event in apoptosis whereby
translocation of phosphatidyl serine (PS) occurs from the inner to the outer layer of plasma
membrane (22). Annexin V is a Ca2+ -dependent, phospholipid-binding protein with high
affinity for PS, and is useful for identifying apoptotic cells with exposed PS. Apoptotic cells
stain positive for Annexin V, whereas necrotic cells exhibit dual staining with Propidium Iodide
(PI) as well as Annexin V. The combination of Annexin V and PI discriminates between early
apoptotic events from late apoptotic and necrotic cells.

Statistics
The differences in cell count in cultures exposed to the two different glucose concentrations
were evaluated using two tailed t-tests. Area under the curve was calculated for secreted GnRH
in cultures maintained under two different concentrations of glucose. Two tailed Student's t
test was employed to assess significance of differences in secreted and cellular GnRH between
two glucose concentrations at the individual time points and ANOVA was employed to to
determine an interaction between glucose concentration and time interval. Linear regression
analysis was utilized to assess the contribution of glucose concentration in the medium to the
percentage of apoptotic cells. STATA Intercooled 8.2 (STATACorps, TX, USA) was
employed for statistical analysis and two tailed p<0.05 was considered statistically significant.

Results
GnRH secretion

Figure 1 demonstrates results of a single experiment (performed in six replicates for each
glucose concentration) evaluating GnRH secretion by cells cultured for 72 hours in the
specified media. During the 60 minutes of secretory assessment in static culture, cells
maintained in high glucose concentrations demonstrated lower amplitude of secretory pulses
at 0 (baseline), 15, 30 and 45 minutes (Figure 1). ANOVA demonstrated an interaction between
time interval and glucose concentration (p 0.007). The difference in GnRH secretion in cultures
maintained in the two different glucose concentrations was of statistical significance at 30
minutes sampling (p=0.03); cells exposed to low glucose concentration demonstrated
significantly higher GnRH secretory amplitude at 30 minutes. Although the overall magnitude
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of GnRH secretion over the 60 minutes course of the experiment, as assessed by AUC, was
lower in cultures maintained in high glucose medium (2786 versus 3366pg/ml/million cells
for high and low glucose respectively), this difference was not of statistical significance
(p=0.82). The cellular content of GnRH, normalized per million cells, was significantly higher
in cells maintained in low glucose medium (Figure 2, p=0.04).

In a separate experiment (performed in 4 replicates per condition), similar findings of decreased
pulse amplitude of GnRH secretion were noted following 48 hours of exposure to culture media
with respective glucose concentrations (data not shown).

Exposure of GT1-1 cells to 2.5 mM 8 Bromo cAMP (Sigma, Aldrich) enhanced the secretion
of GnRH. Peak effect was seen at 20 minutes (data not shown), confirming intact cellular
functioning for subsequent interpretations.

Cell Viability
A higher percentage of non-viable cells were noted in cells cultured at high glucose
concentrations, at all time periods of exposure (24, 48, 72 hours). These differences were of
statistical significance at 48 and 72 hours of exposure (P<0.05). Figure 3 presents cumulative
data from five experiments (following 48 and 72 hours culture in media with respective glucose
concentrations), a significantly higher percentage of non-viable cells in cultures maintained in
high glucose concentrations (11% versus 6%, p = 0.03).

Apoptosis
A significantly increased percentage of apoptotic cells, i.e. Annexin V positive and PI negative
cells were observed by FACS in GT1 cultures following 72 hours of exposure to high glucose
concentrations compared to cells maintained in low glucose medium, 18.75 ± 11.6% versus
7.37 ± 5.5% (mean ± SD), p=0.037. Figure 4 presents the percentage of apoptotic cells in the
respective media as median ± inter-quartile interval and range. Linear regression analysis
demonstrated that high glucose concentration was associated with a 13% increase in cellular
apoptosis (p=0.037) and this exposure accounted for 26 % of the variability in prevalence of
cell apoptosis.

c. Cell cycle events
Although the cells cultured in low glucose concentrations exhibited a higher percentage of cells
in G2/S phases of the cell cycle, the differences between two groups were not significant
(p=0.50, data not shown).

Discussion
Evidence of glucose induced cellular toxicity is available in a variety of cells including neuronal
cells, both in-vivo, as well as in in-vitro experimental models (11–19,23–25). We herein,
utilizing an in vitro culture system comprising of immortalized GnRH secreting neurons,
provide evidence of direct adverse influences of high glucose concentration on cell viability,
on cellular apotosis as well as synthetic and secretory capacity of GnRH by these cells Although
our findings may not be directly extrapolated to neurons constituting the hypothalamic pulse
generator in vivo, these findings merit further evaluation in additional experimental models so
as to enhance our understanding of physiolological and pathological influences modulating the
HPO axis.

Glucose induced cellular apoptosis has been demonstrated in a variety of cell types, including
the neurons of dorsal root ganglia as well as in the Schwann cells (12,14–19). Despite the
evidence of glucose induced neuronal toxicity and an appreciation of the mechanisms at play,
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direct toxic effects of poorly controlled diabetes on the GnRH secreting neurons, specifically
evidence of cellular apoptosis as a mechanism of cell death in the GnRH secreting neurons are
thus far lacking. Although evaluation of hypothalamic LHRH neurons in experimental diabetes
has failed to demonstrate quantitative deficiencies in the neuronal density (8), such studies
however have not tested the chronicity of exposure to a high glucose milieu. Elevations in
cerebral and CSF glucose levels are well described in animal models of experimental diabetes
(26,27). Encouraged by our findings of apoptogenic influences of high glucose concentrations
in GnRH secreting neurons, we propose that in vivo, the physical proximity of the hypothalamic
nuclei to the cerebero-ventricular system theoretically facilitates neuronal exposure to a
glucose replete CSF in the setting of chronic hyperglycemia and conjecture that direct
glucotoxicity to the hypothalamic neurons is a plausible mechanism contributing to defects in
the HPO axis as noted in poorly controlled diabetics. These findings in an in-vitro setting
encourage us to propose that cellular apoptosis in the neurons constituting the GnRH pulse
generator may account for the functional disturbances in the HPO axis that occur in almost a
third of patients with a poorly controlled glycemic profile of long standing, despite subsequent
attainment of normoglycemia (28–32). Indeed, the preponderance of available data targets the
hypothalamus, and more specifically the hypothalamic GnRH secreting neurons that constitute
the "pulse generator" as the site of dysfunction accounting for the reproductive deficits in the
setting of poor metabolic control in diabetics as illustrated by the evidence of normal pituitary
responses to exogenously administered GnRH (33,34) that reflect an intact pituitary
gonadotrophe function. Similarly, ovarian responses to attempts at ovulation induction using
exogenous gonadotropins are unaffected in longstanding diabetics (35), suggesting a normal
ovarian complement of the HPO axis. We herein provide in vitro evidence of induction of
cellular apoptosis in the GnRH secreting neurons exposed to high glucose concentrations,
supporting our hypothesis that hyperglycemia may indeed inflict an irreversible insult to the
GnRH secreting neurons that constitute the GnRH pulse generator, a hypothesis that merits
exploration in vivo.

Glucose sensing mechanisms are demonstrated to reside within the brain stem (area postrema
of medulla) in rats; glucoprivic signals have been shown to impair the LH surge (36) and an
inverse relationship between LH response and serum glucose has been described, providing
indications of a link between serum glucose levels and the functioning of central (hypothalamo-
pituitary) components of the HPO axis. Our data utilizing an in vitro model supports an
independent role for hyperglycemia in altering the physiology of the GnRH pulse generator.
Unlike the rodent model, where the neurons are concentrated in specific nuclei, in the primates
the GNRH secreting neurons are sparse and scattered within the ventro-medial hypothalamus,
constituting the hypothalamic GnRH pulse generator. The synchronous discharge of GnRH is
in turn under the influence of an extensive input from an array of inter-neuronal
communication, thus rendering study of the individual neurons, in an in-vivo setting, virtually
impossible. The in vitro systems provide the advantage of studying functioning of individual
cells. The GT1-1 as well as other in vitro GnRH producing cellular systems (37) are ideally
suited to tease out the individual contributions of a disturbed metabolic milieu on cellular
function. In the data presented, we are able to successfully demonstrate detrimental influences
of a "high glucose" environment on functioning and viability of the GT1-1 neurons.

We acknowledge the many limitations of our experimental model and realize that while we
may propose that our data may partly explain pathophysiological mechanisms in an in-vivo
setting, the presented findings need to be substantiated in-vivo. The perifusion methodology
is preferable to a static culture model for evaluation of dynamic events as the cellular milieu
is relatively well preserved. Nevertheless, our data utilizing the static culture model clearly
suggests that the amplitude of GnRH secretion is affected by chronic exposure to high glucose
concentrations. Our findings are in agreement with prior report of decreased amplitude of LH
pulses in streptozocin induced diabetic male rats (38) Earlier in vitro attempts at evaluating the
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influences of glucose concentrations on GnRH failed to demonstrate any significant effects of
acute alterations in glucose concentrations on GnRH secretion (39). We take this opportunity
to highlight that these prior experiments utilized environmental manipulations over short
periods (less than a few hours of exposure to high glucose concentrations) and hence may not
have allowed time for the glucotoxic influences to manifest. We have attempted to recapitulate
the environment of "chronic exposure" by maintaining the cells in "high glucose" concentration
from the time of harvesting until the experiment (periods ranging from 24–72 hours). We
demonstrate evidence of both gross cellular toxicity (poor viability, higher necrosis and
evidence of cellular apoptosis) as well as provide evidence of functional (alteration in GnRH
secretion) alterations (secretion of GnRH) following exposure of the GT1-1 neurons to high
glucose (450mg/dl) concentrations.

Mitochondrial insult and generation of free oxygen radicals are recognized mechanisms
mediating glucotoxicity induced apoptosis (4–19}. Additional data, accrued in a variety of cell
types, both in vitro and in vivo, demonstrate involvement of PI3 kinase and cyclo-oxygenase
pathways (23), and alterations in the ratio of pro-and anti apoptotic influences, i,e, Bax/Bcl-x
(L) (25). An increased activity of Caspase 3 as well as down regulation of cellular uncoupling
proteins have also been demonstrated as eventual mediators of glucotoxicity induced cellular
apoptosis in various cell systems (24–25). The role of the various mechanisms at play in
mediating glucotoxic insults in GnRH secreting neurons merit further evaluation.

The in vitro system utilized allows us to unravel the intracellular and molecular events within
the GnRH secreting cells, modulated by chronic exposure to high glucose concentrations.
Based on our observations of glucose mediated toxicity in an immortalized cell line of GnRH
secreting neurons, we propose that cellular toxicity and especially apoptosis induced in the
GnRH secreting neurons chronically exposed to high glucose concentrations may be a plausible
mechanism that could explain the lasting disturbances in the HPO axis that are seen in up to a
third of patients with poorly glycemic control. Our findings may have implications regarding
the importance of stringent control of hyperglycemic state for the functioning of the
reproductive axis in patients with long standing diabetes. These mechanisms need to be
evaluated and substantiated in vivo.

Conclusions
Using an in vitro- cell culture model, we provide evidence for "high glucose" as an independent
pathogenic mechanism contributing to irreversible cell damage in the GnRH secreting neurons.
Based on this in-vitro evidence of glucose induced cellular apoptosis, we propose that this
particular insult may be a mechanism underlying the functional disturbances in the
hypothalamic GnRH pulse generator, that are seen in a significant proportion of patients with
poorly controlled type I diabetes mellitus.
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Figure 1. GT1 cells maintained in high glucose concentrations demonstrate lower amplitude of
GnRH secretion during the initial 45 minutes of sampling
Presented data represent a single experiment (six replicates per condition) following 72 hour
exposure of cells to respective glucose concentrations GnRH secretion by cells maintained in
high and low glucose media, presented as box-whiskers plots. The box represents the inter-
quartile range, the horizontal line represents the median and whiskers the range. Note the higher
amplitude of GnRH secretion at 0, 15, 30 and 45 minutes in cells maintained at low glucose
concentrations. The differences are of statistical significance at 30 minute sampling interval
(*).

Pal et al. Page 10

Fertil Steril. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. GT1 cells exposed to high glucose concentrations demonstrate significantly lower cellular
GnRH content
Presented data represent a single experiment (six replicates per condition) following a 72 hour
exposure of cells to respective glucose concentrations. Cellular GnRH (normalized to per
million cells) content in cultures maintained in high and low glucose media, presented as box-
whiskers plots. The box represents the inter-quartile range, the dark line represents the median
and the whiskers the 95% confidence intervals.
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Figure 3. Significantly higher prevalence of non-viable cells is noted in cultures maintained in high
glucose concentrations
Cumulative data from 5 different experiments (three replicates per condition) following 43 (3
experiments) and 72 (2 experiments) hour exposure of cells to respective glucose
concentrations. Data are presented as mean ± SEM.
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Figure 4. Cultures maintained in high glucose concentrations demonstrate significantly increased
prevalence of apoptotic cells (by FACS)
Presented data represent a single experiment (six replicates per condition) following 72 hour
exposure of cells to respective glucose concentrations. Data are presented as box-whiskers
plots. The box represents the inter-quartile range, the horizontal line represents the median and
whiskers the range.
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