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ABSTRACT 1	

Context: Obesity is associated with neuroendocrine reproductive alterations and decreased 2	

fertility.  3	

Objective: The objective of the study was to gain insight into the neuroendocrine mechanisms 4	

implicated in these alterations. 5	

Design: The effects on pulsatile LH secretion of 28 days of hyper-caloric diet were studied in 6	

lean and regularly cycling female volunteers. ~50% extra calories (3 g sucrose/kg BW/day and 7	

1g fat/kg BW/day) were added to their individual daily requirements. Spontaneous and insulin-8	

stimulated LH secretion was recorded on two different days, before and at the end of the caloric 9	

load.  10	

Results: The hyper-caloric diet induced an average weight gain of 2.0 ± 0.3 kg (p<0.05), 11	

corresponding to a BMI increase of 0.7 ± 0.1 kg/m² (p<0.05). A concomitant decrease of 11.6 ± 12	

4.6 % in whole body insulin sensitivity was also observed (Δ = -1.6 ± 0.7 mg glucose/kg/min; 13	

p<0.05). The frequency of spontaneous and insulin-stimulated pulsatile LH secretion was 14	

increased by 17.9 ± 9.0% and 26.5 ± 9.0% respectively (both p<0.05). Spontaneous LH peak 15	

amplitude was decreased by 26.5 ± 9.0% (Δ = -0.7 ± 0.36 U/l; p<0.05), a change correlated with 16	

insulin sensitivity.  17	

Conclusions: Short-term weight gain in normal female volunteers induces alterations of LH 18	

secretion reminiscent to those observed in obesity. A decrease in insulin sensitivity may 19	

constitute a mechanistic link between obesity and its associated neuroendocrine dysfunctions. 20	

21	



	

	

2	

INTRODUCTION 22	

The activity of the female neuroendocrine reproductive axis is closely associated to nutritional 23	

status. This relationship was first established in rodents (1), and then subsequently demonstrated 24	

in other animal models and in humans (2-6). In the human, Frisch and McArthur (5) postulated 25	

that a minimum amount of body fat is necessary to allow the onset and the maintenance of 26	

regular menstrual cycles. Consistently, states of low or insufficient energy availability, such as 27	

encountered in anorexia nervosa or overexercising, can also lead to hypothalamic amenorrhea (7-28	

9), and it is generally well accepted that insufficient nutrition negatively impacts the activity of 29	

the neuroendocrine reproductive axis.  30	

Weight excess and obesity also appear deleterious for reproduction (10-13). However, 31	

compared to weight insufficiency, the mechanisms implicated here are far less understood. The 32	

first evidence indicating that excessive nutritional intake could be associated with reduced 33	

fertility was a population-based analysis conducted in over sixty countries (14). This work 34	

suggested that extreme conditions of either very low or very high caloric intake are both 35	

associated with poor reproductive outcome. The hypothesis that excessive weight can impact 36	

negatively upon the reproductive function is supported by several subsequent studies. Zaadstra et 37	

al. (15) showed in a cohort of 500 healthy women seeking insemination for male infertility that 38	

their waist-hip ratio was inversely correlated to their conception rate. Similarly, in two 39	

retrospective studies including large numbers of individuals, the relative risk of infertility was 40	

found to increase with the BMI of the female, or of both partners (12, 16). Consistently, in a 41	

prospective study of 3029 couples with unexplained infertility followed for two years, women 42	

with a BMI>28 kg/m2 had a 4% decrease in spontaneous pregnancy rate per unit increase in BMI 43	

(13). However, these epidemiologic data do not provide any mechanistic explanation.  44	

In rodents, high-fat fed obese female mice displayed lower fertility than the controls fed a 45	

normal chow, a phenotype associated with a down-regulation of hypothalamic GnRH expression 46	

(17). In humans, polycystic ovary syndrome (PCOS) is an endocrine condition associating 47	

overweight or obesity with a reproductive phenotype characterized by dysfunctions at the 48	

neuroendocrine and the ovarian levels (18-20). Peripheral insulin resistance, a hallmark of 49	

PCOS, has been implicated in the pathogenesis of the syndrome. Insulin, like leptin (21, 22), is a 50	

metabolic signal involved in the central nervous system regulation of body weight and 51	
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reproduction (23-25). This dual function is illustrated by the phenotype of NIRKO (for Neuron-52	

specific Insulin Receptor Knock Out) mice, which harbor a neuron-specific deletion of the 53	

insulin receptor gene (23). These mice have complete insulin resistance in the central nervous 54	

system, and develop hyperphagic obesity associated with hypogonadism of hypothalamic origin. 55	

The latter observation suggests that in mice, activation of GnRH neurons is dependent upon 56	

adequate insulin signaling within the hypothalamus. This hypothesis is consistent with our 57	

previous in vivo (26) and in vitro data demonstrating that in rodents, hypothalamic GnRH 58	

neurons are indeed insulin-sensitive (27, 28). Since we could also demonstrate that in normal 59	

young women, pulsatile secretion of LH is modulated by insulin (29), we hypothesized that 60	

insulin could play a pathophysiological role in the reproductive phenotype of PCOS. 61	

Therefore, the aim of this study was to further explore the interaction between insulin and the 62	

control of reproduction in humans. We used a model of short-term hyper-caloric diet to test the 63	

hypothesis that changes in whole body insulin sensitivity can modify the secretion of 64	

neuroendocrine reproductive hormones in humans. Given the close association between obesity 65	

and insulin sensitivity, a better understanding of the relationship of the latter with fertility could 66	

become very important in the work-up and treatment of obesity and related metabolic disorders.   67	
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MATERIALS AND METHODS 68	

 69	

Study subjects.  70	

The study was approved by the local Ethics Committee and all volunteers provided written 71	

informed consent. Subjects were recruited by poster campaign. Between June 2013 and February 72	

2014, 107 potential subjects were evaluated by telephone screenings, 27 of which were identified 73	

as eligible for the screening visit, and thirteen finally included in the study. All anthropometrics 74	

measurements were recorded at 07:30 am on the test days, after an overnight fast. Height was 75	

measured at the screening visit, and body weight was assessed at each visit.  76	

Four subjects discontinued the study for the following reasons: irregular menstrual cycles 77	

(n=1), failure to adhere to the protocol (n=2) and occurrence of hypokalemia during insulin 78	

infusion (n=1). Thus, nine subjects completed the study and were included in our analyses. After 79	

completing the study, all the volunteers were offered dietary consultations to help them restore 80	

their baseline weight. 81	

 82	

Study design  83	

A hypercaloric feeding protocol lasting 28 days was used to explore the effects of weight gain 84	

and decreased whole body insulin sensitivity on neuroendocrine reproductive hormones. To this 85	

end, pulsatile luteinizing hormone secretion was used as a surrogate marker of the activity of 86	

hypothalamic GnRH neurons (30, 31). The spontaneous and the insulin-stimulated LH secretion 87	

profiles were evaluated twice: the first time under strict conditions of controlled isocaloric diet, 88	

and the second time at the end of 28 days of hypercaloric feeding. The evaluations of LH 89	

secretion were always performed in the follicular phase of the menstrual cycle, according to our 90	

previously published protocols (29). 91	

 92	

Nutritional interventions.  93	

The controlled isocaloric diet was initiated three days before the anticipated first day of the 94	

next menstrual cycle, and was designed to last until completion of the two test days described 95	

below (approximately seven days, depending upon the occurrence of menstruations). The 96	
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energetic content of the isocaloric diet was calculated to provide 1.5 times the resting metabolic 97	

rate measured by indirect calorimetry (32, 33). The nutritional composition of the isocaloric diet 98	

was 55% carbohydrates, 15% proteins and 30% fat.  99	

The hypercaloric diet was designed to last 28 days in total, and was initiated 24 days before 100	

the expected day of the next menstrual cycle. During the initial 21 days of voluntary high calorie 101	

intake, subjects were instructed to add a supplement of sucrose (3g/kg/day, diluted in 1L of 102	

water) and lipids (1g/kg/day, 2/3 butter and 1/3 olive oil) to their ad-libitum diet. Three days 103	

before the expected day of the next menstrual cycle, they were switched for an additional seven 104	

days to controlled hypercaloric feeding, consisting in an isocaloric diet supplemented with 105	

3g/kg/day of sucrose and 1g/kg/day of lipids. During that period, we provided all necessary food 106	

to the volunteers, who were asked to restrain from eating anything else. Controlled feeding was 107	

adopted during the last week of the intervention in order to normalize the nutritional intake at the 108	

time of the tests. Also, volunteers were asked to avoid all strenuous physical activity during the 109	

entire overfeeding period. The two nutritional interventions (isocaloric and hypercaloric feeding) 110	

were separated by at least one month. 111	

 112	

Test days 113	

At the end of each intervention (isocaloric or hypercaloric feeding), volunteers were admitted 114	

twice to the Clinical Research Center of the University hospital of Lausanne, the first time for a 115	

“clamp day” and the second time for a “fasting test day”. All test days consisted in frequent 116	

(every 10 minutes) blood sampling and were started at 07:00 am with the admission of the 117	

volunteer after an overnight fast. On the fasting days, a single catheter was inserted into a 118	

forearm vein, and frequent blood sampling was started after 30 minutes of rest. The total 119	

duration of the protocol was ten hours, during which volunteers were kept fasted. Body 120	

composition was evaluated by bioimpedance analysis (Imp DF50, ImpediMed) during the day. 121	

For the clamp days, a second catheter was inserted into a contralateral forearm vein to infuse 122	

insulin and glucose. During clamp days, subjects underwent the same frequent blood sampling 123	

protocol as the fasting day, this time together with a hyperinsulinemic euglycemic clamp lasting 124	

throughout the ten hours of sampling. Clamp days were performed first, between day 2 and 7 of 125	

the menstrual cycle, and fasting days took place exactly three days later. The order of the test 126	
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days was not randomized, to avoid programming a full day of fasting before the clamp.  All 127	

blood samples were immediately centrifuged upon collection, and serum was frozen onsite. 128	

Hyperinsulinemic and euglycemic clamps were performed according to our previously 129	

published protocol (29). A bolus of insulin was injected thirty minutes after the insertion of the 130	

catheters, followed by a constant infusion at a rate of 1 mU/Kg/min, which was continued for ten 131	

hours. Blood samples were obtained every five minutes for the assessment of glycemia, using 132	

two different measures obtained onsite on a glucometer (Accu-chek Aviva, Roche). A variable 133	

infusion of 20% glucose allowed clamping of glycemia at 5.5 mmol/L (34). 134	

 135	

Assays and data analysis 136	

LH, FSH and insulin were measured by immunoenzymmologic assay (COBAS, Roche 137	

Diagnostics International AG, Rotkreuz, Switzerland). Leptin and grehlin were measured by 138	

ELISA and adiponectin by  multiplex analysis, using commercially available kits and reagents 139	

(Merck Millipore AG, Schaffhausen, Switzerland). Oestradiol, progesterone, and testosterone 140	

were measured by chemiluminescent microparticle immunoassay (Architect i2000SR, Abbott 141	

AG, Baar, Switzerland). Glucose was measured by hexokinase, cholesterol by cholesterol-142	

oxydase and p-amino-antipyrine (CHOD-PAP), HDL cholesterol by CHOD-PAP, homogeny 143	

polyethylene glycol, LDL cholesterol calculated with Friedewald formula, hsCRP by 144	

immunoturbidimetry and triglycerides by glycerol phosphate oxydase PAP (all on COBAS, 145	

Roche Diagnostics International AG, Rotkreuz, Switzerland). 146	

The characteristics of LH pulsatility were analysed by a modified Santen and Bardin method 147	

(35). LH pulse amplitude was calculated as the difference between the nadir and the highest peak 148	

within 30 minutes of the nadir. Pulse amplitudes during a given admission were averaged for 149	

each subject. Whole-body insulin sensitivity was expressed as the mean rate of glucose infusion 150	

necessary to maintain euglycemia for the last eight hours of the clamps. HOMA-IR was 151	

calculated using the standard formula (36). Statistical analyses were completed using Wilcoxon’s 152	

nonparametric signed-rank test for the between group comparison and the nonparametric 153	

Spearman’s correlation method for the correlation analysis. Power analyses were completed 154	

using SAS Power & Sample Size software (SAS Inc, Cary, NC, USA).  155	
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RESULTS 156	

Study subjects and design  157	

The subjects were women aged between 18 and 30 years (mean age 23.6 ± 0.8 y), with regular 158	

menstrual cycles of 30.2 ± 0.8 days and a mean BMI of 21.9 ± 0.7 kg/m2 (mean weight of 60.5 ± 159	

2.2 kg). Their mean body fat content was 24.1 ± 2.5 %. Mean fasting glycemia was 4.6 ± 0.1 160	

mmol/L, with a mean fasting insulin of 5.2 ± 0.7 mU/L and a mean HbA1c level of 5.3 ± 0.1 %. 161	

These parameters were assessed at the screening visit between day 4 and day 9 of the menstrual 162	

cycle and confirmed that all the variables were within the normal range at baseline. In addition, 163	

they were not pregnant, did not take hormonal contraception, were not participating in sport for 164	

more than four hours a week, did not smoke more than ten cigarettes per day and did not drink 165	

more than three alcoholic beverages per day. A complete medical history did not identify any 166	

hormonal problem, and physical examinations were unremarkable.  167	

The individual duration of the dietary intervention was somewhat variable, depending upon 168	

the length of the menstrual cycle. Thus, the controlled isocaloric diet lasted 7.1±0.7 days, the 169	

average time interval between the isocaloric and the hypercaloric phases was 62.5±11 days, and 170	

the length of the hypercaloric phase (voluntary overfeeding + controlled hypercaloric diet) was 171	

29.4±0.8 days, of which 7.6±0.6 were controlled diet. 172	

 173	

Metabolic data  174	

The hypercaloric diet induced a mean weight gain of 2.0 ± 0.3 kg, with most participants 175	

returning to their baseline weight by the final visit (Figure 1A). The subject with the lowest 176	

baseline BMI gained the least amount of weight (BMI =18.6 kg/m²; Δ weight = 0.7 kg), whereas 177	

the subject with the highest baseline BMI gained the most weight (BMI = 24.9 kg/m²; Δ weight 178	

= 4.0 kg, Figure 1B). Of note, the latter subject was also the only participant who had not 179	

returned to her inclusion weight by the final visit. The evolution of the volunteers’ body mass 180	

index followed the same pattern, with the hypercaloric diet inducing a mean increase of 0.7±0.1 181	

kg/m² (p<0.05).  We also found a significant increase of 3.8±1.5 kg in absolute fat mass at the 182	

end of the hypercaloric diet (p<0.05, Figure 1C), translating into a relative increase of 5.2±2.1 183	

% (p<0.05).  184	
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These changes in body weight and composition were accompanied by a significant decrease 185	

in whole body insulin sensitivity. The mean glucose infusion rate necessary to maintain 186	

euglycemia during the insulin clamp performed in isocaloric conditions was 12.1±3.0 187	

mg/kg/min, compared to 10.4±2.4 mg/kg/min at the end of the hypercaloric diet. The latter 188	

value, albeit still within the normal range, was significantly lower than the former (Δ = -1.57±2 189	

mg/kg/min ; p<0.05). Insulin resistance according to the homeostatic model assessment (HOMA-190	

IR) also increased significantly between the isocaloric and the hypercaloric phase (1.1±0.2 vs 191	

1.5±0.2, respectively; Δ=0.4±0.1 ; p<0.05). Evaluations of circulating metabolites showed that 192	

total cholesterol, HDL cholesterol, fasting glucose and insulin levels all increased significantly 193	

with the hypercaloric diet (Supplemental table). Leptin and adiponectin were also significantly 194	

increased by hypercaloric feeding, whereas ghrelin was not affected (data not shown). 195	

 196	

Menstrual cycle & reproductive hormones.  197	

The clamp test days took place during the early follicular phase (day 4.3±0.5 of the cycle in 198	

isocaloric condition, and 5.0±0.4 in hypercaloric condition). The fasting test days, programmed 199	

three days after the clamps, occurred significantly later in the cycle (day 7.3±0.5 in isocaloric 200	

condition, and 8.0±0.4 in hypercaloric condition). The occurrence of a progression in the cycle 201	

between the two test days is also supported by the rising levels of LH and estradiol observed in 202	

the isocaloric phase (Table 1). 203	

 204	

LH secretion profiles.  205	

Figure 2 displays the spontaneous LH secretion profile of each volunteer at the end of 206	

isocaloric and hypercaloric feeding. In eight of the nine volunteers, the LH pulse frequency on 207	

the isocaloric fasting test day was between six and nine peaks in ten hours. A single volunteer 208	

(♯8) had only one LH peak. At the end of hypercaloric feeding, LH pulse frequency was 209	

increased in six individuals, unchanged in two and decreased (from eight to seven in ten hours) 210	

in a single individual (♯2). Similarly, mean LH pulse amplitude was between 0.83 and 2.43 U/L 211	

for all volunteers except subject ♯8 who had a single peak with an amplitude of 5.2 U/L. At the 212	

end of hypercaloric feeding, mean LH pulse amplitude was decreased in all subjects but one (♯9) 213	

in whom the amplitude increased from 2.0 to 2.46 U/L. Of note, subject ♯9 was also the only 214	

subject showing an increase in whole body insulin sensitivity at the end of the hypercaloric diet.  215	
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Figure 3 displays insulin-stimulated LH secretion profiles of each volunteer before and after 216	

hypercaloric feeding.  Similar to that which is observed for spontaneous LH secretion, LH peak 217	

frequency was increased in seven individuals at the end of hypercaloric feeding, and remained 218	

unchanged for the remaining two subjects (♯1 and ♯7). Mean LH pulse amplitude was decreased 219	

at the end of hypercaloric feeding period in seven out of nine volunteers. Exceptions were 220	

volunteer ♯8 and ♯9.   221	

Figure 4 summarizes the changes occurring in pulsatile LH secretion. At the end of the 222	

hypercaloric diet, the spontaneous LH pulse frequency (panel A) was increased by 17.9 ± 9.0% 223	

(p≤0.05), while the amplitude of pulses (panel C) was decreased by 26.5 ± 9.0% (p≤0.05). These 224	

changes in LH pulse amplitude were positively correlated with the changes occurring in whole 225	

body insulin sensitivity (Figure 5). LH pulse frequency was also increased by 29.9±10.2% during 226	

the insulin clamp performed at the end of the hypercaloric diet (Figure 4, panel B, p≤0.05). 227	

Finally, mean LH levels were not affected by the intervention.   228	



	

	

10	

DISCUSSION 229	

Obesity has been associated with alterations in neuroendocrine reproductive hormones that 230	

have been linked to impaired fertility (37), but little is known regarding the mechanisms 231	

implicated. In order to investigate the role of peripheral insulin resistance in this context, young 232	

and lean women with normal menstrual cycles were studied before and at the end of one month 233	

of administration of a hypercaloric diet. This high sugar, high fat diet, calculated to attain ~150% 234	

of their daily energy requirements, induced significant increases in body weight, decreases in 235	

whole body insulin sensitivity and increases in fasting insulin levels. Patterns of pulsatile LH 236	

secretion were significantly altered at the end of hypercaloric feeding, when compared to the 237	

isocaloric diet. Changes consisted in an increased frequency of pulsatile LH secretion with lower 238	

amplitude pulses, both in spontaneous and insulin-stimulated conditions. Of note, the respective 239	

direction of these changes is entirely coherent with these two parameters of LH pulsatility being 240	

somewhat interdependent, adding to the robustness of our observations. 241	

A modulation in the frequency of pulsatile LH secretion cannot occur at the pituitary level. 242	

Therefore, the increase observed in LH pulse frequency is likely a reflection of a hypothalamic 243	

effect of our intervention (38, 39). Rodent data showing an acceleration of the frequency of 244	

pulsatile GnRH secretion from hypothalamic explants obtained from diet-induced obese (DIO) 245	

mice suggest that this effect could be mediated by GnRH neurons (40). In contrast, the origin of 246	

the decrease in LH peak amplitude could be either at the hypothalamic or at the pituitary level 247	

(38). Indeed, a smaller peak amplitude could result from a stimulation by lower concentrations of 248	

GnRH, reflecting decreased hypothalamic GnRH secretion. However, it could equally result 249	

from a modification of the sensitivity of the pituitary gonadotroph cells to GnRH stimulation, as 250	

previously reported in another model of DIO mice (41). Although we found no overall effect of 251	

hypercaloric feeding on LH pulse amplitude during the insulin clamps, changes were observed at 252	

the individual level. LH pulse amplitude was indeed decreased during the clamps performed at 253	

the end of the period of hypercaloric feeding in seven of the nine volunteers. The two exceptions 254	

were volunteer ♯8, who displayed no peak at all during the isocaloric clamp test day, and 255	

volunteer ♯9, who experienced an increase in insulin sensitivity at the end of the hypercaloric 256	

diet. Thus, the increase in mean peak amplitude of volunteer ♯9 is entirely consistent with the 257	

positive correlation observed between spontaneous LH pulse amplitude and whole body insulin 258	

sensitivity. 259	
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These data confirm the existence of an important link between insulin and the control of LH 260	

secretion in humans (29), possibly related to the long term elevations in peripheral insulin levels 261	

occurring in states of insulin resistance. Indeed, one can hypothesize that the decreases in whole 262	

body insulin sensitivity observed at the end of hypercaloric feeding are not paralleled by similar 263	

decreases at the level of the CNS, rendering the hypothalamo-pituitary unit highly sensitive to 264	

these raised insulin levels. This hypothesis is entirely consistent with rodent data, where 265	

alterations in the neuroendocrine reproductive hormones similar to those reported here are 266	

induced by changes in insulin signaling within GnRH neurons as well as pituitary gonadotroph 267	

cells (40, 41). 268	

All the volunteers experienced weight gain at the end of the hypercaloric diet, resulting 269	

essentially from an incrase in fat mass. Thus, our intervention induced modifications in body 270	

composition very similar to what is usually observed in more chronic conditions of excessive 271	

energy intake, together with a number of changes in blood markers. In particular, fasting 272	

glycemia, fasting insulinemia and the insulin resistance index HOMA-IR were all increased at 273	

the end of the hypercaloric diet. As stated above, whole body insulin sensitivity measured during 274	

the hyperinsulinemic euglycemic clamp studies was also significantly decreased at the end of the 275	

hypercaloric diet, although it clearly did not reach values typically associated with insulin 276	

resistance such as those seen in type 2 diabetes mellitus.  277	

These metabolic modifications are nevertheless physiologically significant, again reminiscent 278	

of the early stages of obesity. Interestingly in this context, decreases in LH pulse amplitude have 279	

been reported in obese women (42). The present data demonstrate that short-term hypercaloric 280	

feeding of normal volunteers can reproduce some of the neuroendocrine modifications associated 281	

with excess weight of much longer duration. They also demonstrate that these alterations appear 282	

early in states of excessive caloric intake in humans, during the phase of dynamic weight gain, 283	

validating further the use of this model in the study of human obesity.  284	

As previously reported (43-45), adiponectin was higher at the end of the hypercaloric feeding 285	

period, confirming the existence of a differential regulation between short and long-term 286	

conditions of positive energy balance (46, 47). We also observed a large rise in leptin levels after 287	

hypercaloric feeding, consistent with the increase observed in fat mass. Given the well-known 288	

actions of leptin in both the regulation of energy intake and body weight and of the 289	



	

	

12	

neuroendocrine reproductive system, leptin was a logical candidate link between metabolic 290	

changes and the hypothalamic GnRH pulse generator in our study. However, we did not observe 291	

any significant correlation between parameters of LH secretion and leptin levels. Thus, the 292	

question of the implication of leptin in conveying signals of excessive energy intake to the 293	

hypothalamic GnRH pulse generator remains open.  294	

In conclusion, we could demonstrate that 28 days of hypercaloric feeding in normal female 295	

volunteers can induce alterations in the activity of the neuroendocrine reproductive axis that are 296	

reminiscent of the changes reported in more chronic states of obesity. Thus, our data suggest that 297	

these alterations may take place at very early stages of the disease. By showing changes in both 298	

the frequency and the amplitude of LH secretion pulses, our data also suggest that this 299	

modulation is occurring both at the hypothalamic and the pituitary levels. Moreover, the 300	

existence of a significant correlation between changes in whole body insulin sensitivity and these 301	

hormonal alterations is providing for the first time a mechanistic explanation linking the 302	

neuroendocrine dysfunctions associated with calorie overload and obesity to insulin signaling. 303	

Further work in infertile obese patients will be necessary to better delineate the therapeutic 304	

implications of our observations.  305	



	

	

13	

ACKNOWLEDGMENTS 

 

The authors wish to thank Luc Tappy for his criticisms and advice in the design of the 

experiments; Philippe Schneiter for his help in performing the clamps; Françoise Secretan, 

Christiane Pellet and all the CRC staff for clinical assistance and help in performing the studies; 

Marie-Jeanne Voirol for performing the immunoassays; and the volunteers for their participation.  

 

 

 

  



	

	

14	

REFERENCES 

 

1. Kennedy GC, Mitra J. Body weight and food intake as initiating factors for puberty in the 
rat. J Physiol 1963; 166:408-418. 

2. Bronson FH. Food-restricted, prepubertal, female rats: rapid recovery of luteinizing 
hormone pulsing with excess food, and full recovery of pubertal development with 
gonadotropin-releasing hormone. Endocrinology 1986; 118:2483-2487. 

3. Cunningham MJ, Clifton DK, Steiner RA. Leptin's actions on the reproductive axis: 
perspectives and mechanisms. Biol Reprod 1999; 60:216-222. 

4. Foster DL, Nagatani S. Physiological perspectives on leptin as a regulator of 
reproduction: role in timing puberty. Biol Reprod 1999; 60:205-215. 

5. Frisch RE, McArthur JW. Menstrual cycles: fatness as a determinant of minimum weight 
for height necessary for their maintenance or onset. Science 1974; 185:949-951. 

6. Hamilton GD, Bronson FH. Food restriction and reproductive development: male and 
female mice and male rats. Am J Physiol 1986; 250:R370-376. 

7. Loucks AB. Energy availability and infertility. Curr Opin Endocrinol Diabetes Obes 
2007; 14:470-474. 

8. Wade GN, Schneider JE. Metabolic fuels and reproduction in female mammals. Neurosci 
Biobehav Rev 1992; 16:235-272. 

9. Warren MP. The effects of exercise on pubertal progression and reproductive function in 
girls. J Clin Endocrinol Metab 1980; 51:1150-1157. 

10. Jungheim ES, Travieso JL, Hopeman MM. Weighing the impact of obesity on female 
reproductive function and fertility. Nutr Rev 2013; 71 Suppl 1:S3-8. 

11. Pasquali R, Pelusi C, Genghini S, Cacciari M, Gambineri A. Obesity and reproductive 
disorders in women. Hum Reprod Update 2003; 9:359-372. 

12. Ramlau-Hansen CH, Thulstrup AM, Nohr EA, Bonde JP, Sorensen TI, Olsen J. 
Subfecundity in overweight and obese couples. Hum Reprod 2007; 22:1634-1637. 

13. van der Steeg JW, Steures P, Eijkemans MJ, Habbema JD, Hompes PG, Burggraaff JM, 
Oosterhuis GJ, Bossuyt PM, van der Veen F, Mol BW. Obesity affects spontaneous 
pregnancy chances in subfertile, ovulatory women. Hum Reprod 2008; 23:324-328. 

14. Correa H, Jacoby J. Nutrition and fertility: some iconoclastic results. Am J Clin Nutr 
1978; 31:1431-1436. 

15. Zaadstra BM, Seidell JC, Van Noord PA, te Velde ER, Habbema JD, Vrieswijk B, 
Karbaat J. Fat and female fecundity: prospective study of effect of body fat distribution 
on conception rates. BMJ 1993; 306:484-487. 

16. Rich-Edwards JW, Goldman MB, Willett WC, Hunter DJ, Stampfer MJ, Colditz GA, 
Manson JE. Adolescent body mass index and infertility caused by ovulatory disorder. Am 
J Obstet Gynecol 1994; 171:171-177. 

17. Tortoriello DV, McMinn J, Chua SC. Dietary-induced obesity and hypothalamic 
infertility in female DBA/2J mice. Endocrinology 2004; 145:1238-1247. 

18. Ehrmann DA. Polycystic ovary syndrome. N Engl J Med 2005; 352:1223-1236. 
19. Rebar R, Judd HL, Yen SS, Rakoff J, Vandenberg G, Naftolin F. Characterization of the 

inappropriate gonadotropin secretion in polycystic ovary syndrome. J Clin Invest 1976; 
57:1320-1329. 

20. Waldstreicher J, Santoro NF, Hall JE, Filicori M, Crowley WF, Jr. Hyperfunction of the 



	

	

15	

hypothalamic-pituitary axis in women with polycystic ovarian disease: indirect evidence 
for partial gonadotroph desensitization. J Clin Endocrinol Metab 1988; 66:165-172. 

21. Chehab FF, Lim ME, Lu R. Correction of the sterility defect in homozygous obese 
female mice by treatment with the human recombinant leptin. Nat Genet 1996; 12:318-
320. 

22. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning 
of the mouse obese gene and its human homologue. Nature 1994; 372:425-432. 

23. Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, Klein R, Krone W, 
Muller-Wieland D, Kahn CR. Role of brain insulin receptor in control of body weight 
and reproduction. Science 2000; 289:2122-2125. 

24. Gamba M, Pralong FP. Control of GnRH neuronal activity by metabolic factors: the role 
of leptin and insulin. Mol Cell Endocrinol 2006; 254-255:133-139. 

25. Schwartz MW, Woods SC, Porte D, Jr., Seeley RJ, Baskin DG. Central nervous system 
control of food intake. Nature 2000; 404:661-671. 

26. Burcelin R, Thorens B, Glauser M, Gaillard RC, Pralong FP. Gonadotropin-releasing 
hormone secretion from hypothalamic neurons: stimulation by insulin and potentiation by 
leptin. Endocrinology 2003; 144:4484-4491. 

27. Igaz P, Salvi R, Rey JP, Glauser M, Pralong FP, Gaillard RC. Effects of cytokines on 
gonadotropin-releasing hormone (GnRH) gene expression in primary hypothalamic 
neurons and in GnRH neurons immortalized conditionally. Endocrinology 2006; 
147:1037-1043. 

28. Salvi R, Castillo E, Voirol MJ, Glauser M, Rey JP, Gaillard RC, Vollenweider P, Pralong 
FP. Gonadotropin-releasing hormone-expressing neurons immortalized conditionally are 
activated by insulin: implication of the mitogen-activated protein kinase pathway. 
Endocrinology 2006; 147:816-826. 

29. Moret M, Stettler R, Rodieux F, Gaillard RC, Waeber G, Wirthner D, Giusti V, Tappy L, 
Pralong FP. Insulin modulation of luteinizing hormone secretion in normal female 
volunteers and lean polycystic ovary syndrome patients. Neuroendocrinology 2009; 
89:131-139. 

30. Crowley WF, Jr., Filicori M, Spratt DI, Santoro NF. The physiology of gonadotropin-
releasing hormone (GnRH) secretion in men and women. Recent Prog Horm Res 1985; 
41:473-531. 

31. Spratt DI, O'Dea LS, Schoenfeld D, Butler J, Rao PN, Crowley WF, Jr. Neuroendocrine-
gonadal axis in men: frequent sampling of LH, FSH, and testosterone. Am J Physiol 
1988; 254:E658-666. 

32. Human energy requirements: report of a joint FAO/ WHO/UNU Expert Consultation. 
Food Nutr Bull 2005; 26:166. 

33. Livesey G, Elia M. Estimation of energy expenditure, net carbohydrate utilization, and 
net fat oxidation and synthesis by indirect calorimetry: evaluation of errors with special 
reference to the detailed composition of fuels. Am J Clin Nutr 1988; 47:608-628. 

34. DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying 
insulin secretion and resistance. Am J Physiol 1979; 237:E214-223. 

35. Santen RJ, Bardin CW. Episodic luteinizing hormone secretion in man. Pulse analysis, 
clinical interpretation, physiologic mechanisms. J Clin Invest 1973; 52:2617-2628. 

36. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. 
Homeostasis model assessment: insulin resistance and beta-cell function from fasting 



	

	

16	

plasma glucose and insulin concentrations in man. Diabetologia 1985; 28:412-419. 
37. Bolumar F, Olsen J, Rebagliato M, Saez-Lloret I, Bisanti L. Body mass index and 

delayed conception: a European Multicenter Study on Infertility and Subfecundity. Am J 
Epidemiol 2000; 151:1072-1079. 

38. Kucherov A, Polotsky AJ, Menke M, Isaac B, McAvey B, Buyuk E, Bradford AP, 
Hickmon C, Babbs B, Berga S, Loucks T, Santoro N. Aromatase inhibition causes 
increased amplitude, but not frequency, of hypothalamic-pituitary output in normal 
women. Fertil Steril 2011; 95:2063-2066. 

39. Marshall JC, Dalkin AC, Haisenleder DJ, Griffin ML, Kelch RP. GnRH pulses--the 
regulators of human reproduction. Trans Am Clin Climatol Assoc 1993; 104:31-46. 

40. DiVall SA, Herrera D, Sklar B, Wu S, Wondisford F, Radovick S, Wolfe A. Insulin 
receptor signaling in the GnRH neuron plays a role in the abnormal GnRH pulsatility of 
obese female mice. PLoS One 2015; 10:e0119995. 

41. Brothers KJ, Wu S, DiVall SA, Messmer MR, Kahn CR, Miller RS, Radovick S, 
Wondisford FE, Wolfe A. Rescue of obesity-induced infertility in female mice due to a 
pituitary-specific knockout of the insulin receptor. Cell Metab 2010; 12:295-305. 

42. Jain A, Polotsky AJ, Rochester D, Berga SL, Loucks T, Zeitlian G, Gibbs K, Polotsky 
HN, Feng S, Isaac B, Santoro N. Pulsatile luteinizing hormone amplitude and 
progesterone metabolite excretion are reduced in obese women. J Clin Endocrinol Metab 
2007; 92:2468-2473. 

43. Brons C, Jensen CB, Storgaard H, Hiscock NJ, White A, Appel JS, Jacobsen S, Nilsson 
E, Larsen CM, Astrup A, Quistorff B, Vaag A. Impact of short-term high-fat feeding on 
glucose and insulin metabolism in young healthy men. J Physiol 2009; 587:2387-2397. 

44. Cahill F, Amini P, Wadden D, Khalili S, Randell E, Vasdev S, Gulliver W, Sun G. Short-
term overfeeding increases circulating adiponectin independent of obesity status. PLoS 
One 2013; 8:e74215. 

45. Heilbronn LK, Campbell LV, Xu A, Samocha-Bonet D. Metabolically protective 
cytokines adiponectin and fibroblast growth factor-21 are increased by acute overfeeding 
in healthy humans. PLoS One 2013; 8:e78864. 

46. Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J, Hotta K, Shimomura I, 
Nakamura T, Miyaoka K, Kuriyama H, Nishida M, Yamashita S, Okubo K, Matsubara K, 
Muraguchi M, Ohmoto Y, Funahashi T, Matsuzawa Y. Paradoxical decrease of an 
adipose-specific protein, adiponectin, in obesity. Biochem Biophys Res Commun 1999; 
257:79-83. 

47. Turer AT, Scherer PE. Adiponectin: mechanistic insights and clinical implications. 
Diabetologia 2012; 55:2319-2326. 
  



	

	

17	

 
 
 
Table 1: timing of the various test days with respect to the menstrual cycle (day 1 defined as the 

first day of menstruations), with the baseline levels of reproductive hormones. P¹ indicates a 

difference between IC and IF and P² indicates a difference between HC and HF.  

Data expressed as mean ± SEM. 

IC: isocaloric clamp day; IF: isocaloric fasting day; HC: hypercaloric clamp day; HF: 

hypercaloric fasting day. 

 

 

 
 
 
Suplemental table : metabolic profiles (fasting) at the end of the iso-caloric and the hyper-caloric 

phases, respectively.  

Data expressed as mean ± SEM. 
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FIGURE LEGENDS 

 

Figure 1:  Weight and body adiposity. Panel A: weight of the volunteers at the different time 

points indicated. Panel B: evolution of individual weights of the nine volunteers. 

Panel C: fat mass before and at the end of hyper-caloric diet. 

  I: inclusion; IC: isocaloric clamp day; IF: isocaloric fasting day; HC: hypercaloric 

clamp day; HF: hypercaloric fasting day; FV: final visit. * P < 0.05.  

 Data represented as median, 10th, 25th, 75th and 90th percentile in panels A and 

C. 

 

Figure 2:  Individual profiles of spontaneous LH secretion during IF (left) and IC (right). 

Open circles indicate significant peaks. 

	 IC: isocaloric clamp day; IF: isocaloric fasting day. 

 

Figure 3: Individual profiles of insulin-stimulated LH secretion during HF (left) and HC 

(right).  

Open circles indicate significant peaks. 

 HC: hypercaloric clamp day; HF: hypercaloric fasting day. 

 

Figure 4: Characteristics of pulsatile LH secretion. Panels A and B: LH peak frequency. 

Panels C and D: LH peak amplitude. Panels E and F: mean LH levels. * P < 0.05.  

 IC: isocaloric clamp day; IF: isocaloric fasting day; HC: hypercaloric clamp day; 

HF: hypercaloric fasting day. 

 Data represented as median, 10th, 25th, 75th and 90th percentile.  

 

Figure 5: Positive correlation between LH pulse amplitude and whole body insulin 

sensitivity.  

r obtained by nonparametric Spearman’s correlation test. 

 



	

	

19	

 

�

� �� �� �� �� ��

�
�	

�
��

�


�

��

��

��

��

��

��

� �

�

� �� �� �� �� ��

�
�	

�
��

�


�

��

��

��

��

��

��

�

�� ��

��
���

��
��

�

�

�

�

��

��

��

��

��

��������	�� ����
�! �������	�� ����

�



	

	

20	

 

��
��

���
���

	




�

�

��

��
���

���

	




�

�


��

��
���

���

	




�

�


��

��
���

���

	




�

�


��

��
���

���

	




�

�

��

��
���

���

	




�

�


��

��
���

���

	




�

�


��
��

���
���

	




�

�


��

��
���

���

	




�

�

��

��
���

���

	




�

�


��

��
���

���

	




�

�


��

��
���

���

	




�

�


	�

��
���

���




�

�

	�

��
���

���




�

�



�

��
���

���

	




�

�



�

��
���

���

	




�

�


��

����������
	 �
	 

	 ��	 
�	 �		

��
���

���

	




�

�


��

����������
	 �
	 

	 ��	 
�	 �		

��
���

���




�

�


����������������������� �� ����������������������



	

	

21	

 

��
��
���
���

	




�

�

��

��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


��
��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


��

��
���
���

	




�

�


	�

��
���
���




�

�


	�

��
���
���




�

�



�

��
���
���

	




�

�



�

��
���
���

	




�

�


��

��
���
���

	




�

�


��

����������
	 �
	 

	 ��	 
�	 �		

��
���
���

	




�

�


��

����������
	 �
	 

	 ��	 
�	 �		

��
���
���

	




�

�


��������������������� �����������������������



	

	

22	

 

�

�� ��

�
��

��
	�

�
�
�
�

�

�

�

�

�

��

�����
����������
�������
����������

�

�� ��

�
��

��
	�

�
�
�
�

�

�

�

�

�

��

�

�� ��

�
��

��
��

��
��

�
�


� !
"�

�
�
�
�

�#$

�#�

�#$

�#�

�#$

%#�

%#$

&

�

�� ��

�
��

��
��

��
��

�
�


� !
"�

�
�
�
�

�#$

�#�

�#$

�#�

�#$

%#�

%#$

�

�� ��

'
!�

(�
���

)��
��

��
��

��

�

�

�

�

��

�� �

�� ��
'

!�
(�

���
)��

��
��

��
��

�

�

�

�

��

��

& &



	

	

23	

 

�����������	
�

�
� ��� � �� 
� �� �� ��

��
�
��
��
��
��
��
�
��
���
��
�	


�

���

�
�

�


�

��

��

��

�������
��������	


	Front page_2016_JCEM
	JC-16-1727

