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Role of pulsatile growth hormone (GH) 
secretion in the regulation of lipolysis in fasting 
humans
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Abstract 

Background:  The increase in growth hormone (GH) secretion during a prolonged fast stimulates lipolytic rate, 
thereby augmenting the mobilization of endogenous energy at a time when fuel availability is very low.

Study aim:  To identify the specific component of GH secretory pattern responsible for the stimulation of lipolytic 
rate during fasting in humans.

Study protocol:  We measured lipolytic rate (using stable isotope dilution technique) after an overnight fast in 15 
young, healthy, non-obese subjects (11 men and 4 women), and again on four separate occasions after a 59 h fast. 
These four prolonged fasting trials differed only by the contents of an infusion solution provided throughout the 59 h 
fasting period. Subjects were infused either with normal saline (“Control”; n = 15) or with graded doses of a GH Releas-
ing Hormone Receptor Antagonist (GHRHa):10 μg/kg/h (“High”; n = 15), 1 μg /kg/h (“Medium”; n = 8), or 0.5 μg /kg/h 
(“Low”; n = 6).

Results:  As expected, the 59 h fast completely suppressed plasma insulin levels and markedly increased endogenous 
GH concentrations (12 h vs 59 h Fast; p = 0.0044). Administration of GHRHa induced dose-dependent reduction in GH 
concentrations in response to the 59 h fast (p < 0.05). We found a strong correlation between the rate of lipolysis and 
GH mean peak amplitude (R = 0.471; p = 0.0019), and total GH pulse area under the curve (AUC) (R = 0.49; p = 0.0015), 
but not the GH peak frequency (R = 0.044; p = 0.8) or interpulse GH concentrations (R = 0.25; p = 0.115).

Conclusion:  During prolonged fasting (i.e., 2–3 days), when insulin secretion is abolished, the pulsatile component of 
GH secretion becomes a key metabolic regulator of the increase in lipolytic rate.
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Introduction
Growth hormone (GH) has major effects on metabolic 
processes in humans [1–5]. Traditionally, the role of GH 
in human metabolism was determined by infusing GH 
to patients with GH deficiency, mostly to patients with 
panhypopituitarism [1–5]. Those studies demonstrated 

that augmentation of lipolysis is the primary target of 
GH action in adults. Additionally, the development of 
insulin resistance and partial alleviation of the negative 
protein balance were secondary to enhanced fatty acid 
metabolism [2, 3]. However, GH infusions were not able 
to reproduce the physiological pulsatile pattern of GH 
presentation to the peripheral tissues. The use of a spe-
cific competitive GHRH receptor antagonist (GHRHa) 
[6] allowed to suppress daily GH output in a physiologi-
cal dose-dependent fashion [7] and provided a novel tool 
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to study the modulation of the metabolic parameters by 
endogenous GH in normal individuals.

Earlier, we have shown that GHRHa was capable of 
suppressing mean daily GH concentrations in healthy 
non-obese subjects to ~ 70% both in the fed and fasting 
state [8]. However, this did not alter the rate of lipolysis 
after a physiological overnight fast, but powerfully sup-
pressed it after a total of 59 h fasting, when insulin levels 
were largely undetectable [8]. Thus, there is an interplay 
between GH and insulin in their respective functions as 
regulators of lipolysis: GH is lipolytic and insulin is antil-
polytic hormone We have previously shown that the lipo-
lytic effect of GH is expressed when insulin secretion is 
diminished, i.e. during fasting state [8]. This has major 
implication in the context of energy availability during 
starvation and/or other prolonged episodes of low caloric 
intake.

Our earlier findings demonstrated that in the absence 
of insulin, GH becomes the main metabolic hormone that 
is responsible for the required metabolic response to pro-
longed fasting, i.e. a shift from carbohydrates to fat as the 
main source of energy. Several studies have also shown 
that not only the total amount of GH secreted during the 
day, but also the pattern of GH presentation to peripheral 
tissues is important for its hormonal activity to be mani-
fest [9]. In our earlier study involving obese subjects (the 
model of impoverished GH secretion) administration of 
physiological doses of GH in a continuous fashion selec-
tively augmented both hepatic production of IGF-1 and 
muscle IGF-1 mRNA levels, whereas pulsatile adminis-
tration of GH in the same daily dose preferentially aug-
mented the rate of lipolysis [10].

To this end, we have employed a model of prolonged 
fasting in humans (59 h fast), during which insulin is 
maximally suppressed, while 24 h plasma GH concen-
tration and GH pulsatility are naturally augmented [8]. 
Graded blockade of GHRH receptors by a specific com-
petitive GHRHa and quantification of discrete param-
eters of GH pulsatility allowed us to pinpoint the relative 
influence of pulsatile vs. basal GH secretion as potential 
regulators of the rate of lipolysis in healthy humans.

Methods
Subjects: Study population comprised 15 subjects: 11 
healthy men and 4 healthy women, 18–46 years of age, 
mean (SE) age 26 ± 2 years, weight 77.3 kg ± 3.0 kg, BMI 
20–24 kg/m2. Data from 6 subjects previously stud-
ied on an identical protocol were re-analyzed to assess 
their GH pulsatile parameters and were included in the 
current study [8] Exclusion criteria for participation in 
this study included: evidence of liver, renal, endocrine 
or cardiovascular disease, hyperlipidemia, hematocrit 
< 34%, medications known to alter GH secretion or 

action, lipid, glucose, and/or protein metabolism, preg-
nancy or breastfeeding. The protocol was approved by 
the IRB and the GCRC of University of Michigan and 
the written consent was obtained from all participants.

Study protocol
This study consisted of a total of 5 separate experi-
mental trials. During one trial, subjects were admitted 
for 24 h, during which they were provided standard-
ized meals during the day of admission, and then we 
performed our battery of measurements (See details 
below) after an overnight fast (“12 h fast” trial). The 
remaining 4 experimental trials all entailed a 59 h fast. 
This duration of fasting was selected based on in our 
previous study [8] in which we found the robust fast-
ing-induced elevations in the mean 24 h GH concen-
tration and lipolytic rate were markedly suppressed 
with a high dose of GHRHa (10 mg/kg/h). These trials 
differed only by the contents of an infusion solution 
provided throughout the 59 h fasting period. Subjects 
were infused during the prolonged fasting period with 
either normal saline (“Control”; n = 15) or with graded 
doses of a GHRHa (Ac-Tyr1, d-Arg2; GHRH 1–29-
amide; Bachem, Torrance, CA). The different GHRHa 
doses administered were: 10 μg/kg/h (“High”; n = 15), 
1 μg /kg/h (“Medium”; n = 8), or 0.5 μg /kg/h (“Low”; 
n  = 6). All subjects participated in the 12 h fast trial, 
the Control trial, and at least one dose of GHRHa tri-
als. During the 12 h fast trial, subjects were provided 
with standard isocaloric diet (energy intake relative 
to body mass), divided into breakfast (0700 h), lunch 
(1200 h), dinner (1700 h), and a bedtime snack (2100 h). 
During all of the 59 h fasting trials, subjects were once 
again provided a standardized isocaloric diet on the 
day of admission, and then they fasted with only water 
allowed ad lib for 59 h. During all of these 59 h fasting 
trials, infusions of either saline (Control), or the differ-
ent doses of GHRHa (Low, Medium, and High) were 
started after consumption of the dinner meal (1800 h) 
on the first day of admission. Blood samples were col-
lected every 20 min during the final 24 h of the fasting 
period for measurements of plasma concentrations of 
GH, insulin and glucose. Assessment of the lipolytic 
rate was performed during the last 3 h of each 59 h 
fasting period using a primed steady-state infusion of 
[d5]-glycerol, as described in our previous publications 
[8, 10], and outlined briefly below. After completing 
the fast the subjects were fed and discharged from the 
hospital. The trials were conducted in a randomized 
order. Women were studied in the early follicular stage 
of their menstrual cycle (days 1–10 after the onset of 
menstrual bleeding), or during the “week off” of oral 
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contraception pills (for habitual users). All women also 
underwent a urine pregnancy test before their partici-
pation in each experimental trial.

Analytic methods
Stable isotope analysis
We infused trace amounts of [d5]-glycerol and measured 
lipolytic rate (rate of appearance (Ra) of [d5] glycerol in 
plasma) in the same manner as in our earlier studies [8, 
10]. Blood samples were collected from heated arm (arte-
rialized sample) [12] into pre-chilled tubes containing 
EDTA, centrifuged immediately and plasma was stored 
at –70C until analysis. The tracer:tracee ratio (TTR) of 
plasma glycerol was measured by electron impact ioniza-
tion gas chromatography/mass spectrometry (GC/MS). 
GC/MS analysis for these substrates was performed as 
described by Patterson, et  al. [11]. The TTR in plasma 
was used to calculate glycerol Ra using steady-state equa-
tions, as previously described [12].

Plasma hormone concentrations
Plasma GH concentrations were measured by chemilu-
minometric assay (Nichols, San Juan Capistrano, CA). 
Plasma insulin was measured by radioimmunoassay 
(RIA) (DSL, Webster, Texas). Plasma glucose was meas-
ured by glucose analyzer (Thermo Scientific, Middle-
town, Va., USA).

Statistical design
GH profiles were analyzed by the CLUSTER program 
(SAS 2010 software) using t-statistics of 2 and a cluster 
size of 2 × 2 for pulse recognition. Based upon the sen-
sitivity of our assay, minimal pulse/peak amplitude was 
set at 0.03 μg/L. Mean 24 h GH levels were calculated by 
averaging GH values from the subject’s 24 h GH profiles. 
Mean pulse amplitude was calculated from the maxi-
mal GH value within each pulse. Mean pulse mass/area 
was calculated as area under the curve between 2 flank-
ing valleys in the profile. GH valley concentration was 
defined as GH concentration flanked by 2 CLUSTER-
identified pulses. Mean nadir was calculated as the lowest 
5% (4 measurements) of GH values from each profile.

Data groups were analyzed by ANOVA with Tukey’s 
post hoc analysis where appropriate. Correlation analysis 
was performed between discrete GH parameters and the 
rate of lipolysis. Data are shown as mean ± standard error 
(M ± SE). P-value of < 0.05 was considered statistically 
significant.

Results
Plasma glucose and insulin concentrations
Table  1 shows that compared with plasma glucose con-
centration after a 12 h fast (97 ± 2 mg/dl), more prolonged 
fasting lowered the mean plasma glucose concentration 
measured during the last 24 h of the 59 h fast by more 
than 20% (P  < 0.00001 for all vs. 12 h fast). Plasma glu-
cose concentration during the 59 h fast ranged between 
70 and 80 mg/dl for all subjects, and there were no dif-
ferences in plasma glucose concentration among the 59 h 
fasting trials. Accompanying the lower plasma glucose 
concentrations during the 59 h fast trials, mean plasma 
insulin concentration (measured during the last 24 h of 
the fast) declined from an average of 15.5 μU/ml to an 
extremely low at ~ 1–1.5 μU/ml, with no statistical differ-
ence among any of the 59 h fasting trials.

Plasma growth hormone and lipolysis values
Figure 1 presents actual GH values obtained in a subject 
who went through all stages of the entire protocol. Note 
the increases in GH peak frequency and amplitude after 
59 h fasting.

Figure  2 shows mean 24 h GH concentration and 
parameters of GH pulsatility (i.e., pulsatile GH AUC, 
mean GH pulse amplitude, GH peak frequency, and 
mean interpulse GH concentration) after a 12 h fast and 
after a 59 h fast without GHRHa (Control) and after 
59 h fasts with Low, Medium, and High GHRHa infu-
sions. As expected, the 59 h fast markedly increased 
endogenous plasma GH concentration (Control vs. 
12 h fast; P = 0.0044). GH peak frequency during fast-
ing increased from 4.5 ± 0.3 to 8.4 ± 0.7 pulses/24 h 
(Fig. 2D; p < 0.001) and remained stable during GHRHa 
infusions at all doses thereafter (8.2 ± 0.6; 8.8 ± 0.5; 
8.5 ± 0.6 pulses/24 h, p  > 0.05). Mean GH pulse 

Table 1  24 h mean plasma insulin and glucose concentrations

*Significantly lower than 12 h Fast, P < 0.05. GHRHa: “Growth Hormone Releasing Hormone-Antagonist”

59 h Fast

12 h Fast 
(No GHRHa)
[n = 15]

Control 
(No GHRHa)
[n = 15]

Low 
(0.5 μg/kg/h GHRHa)
[n = 6]

Medium 
(1 μg/kg/h GHRHa)
[n = 8]

High 
(10 μg/kg/h GHRHa)
[n = 15]

Insulin (μU/ml) 15.5 ± 3.5 1.5 ± 0.1* 1.4 ± 0.3* 1.6 ± 0.2* 1.4 ± 0.2*

Glucose (mg/dL) 97 ± 2 77 ± 2* 75 ± 3* 76 ± 1* 75 ± 2*
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Fig. 1  Plasma GH profiles in a subject who underwent all 5 stages of the protocol. Note increase in GH peak frequency and amplitude during 59 h 
fast, and the dose-dependent decline in GH pulse amplitudes with increasing doses of GHRHa
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amplitude went up during 59 h fast from 3.5 ± 0.6 to 
5.8 ± 0.9 ng/ml (Fig.  2C;  p  < 0.001) and declined in a 
dose dependent manner during graded GHRHa infu-
sions (p < 0.001) and pulsatile GH AUC increased 
during fasting (Fig.  2B;  p < 0.001) and declined in a 
dose-dependent manner during administration of 
GHRHa (p < 0.001) despite stable GH peak frequency. 
The mean interpulse GH concentration did not change 
throughout the protocol (Fig.  2E; p  > 0.05). Therefore, 
changes in total GH production were due to changes in 
the GH pulse amplitude and not to the GH peak fre-
quency or baseline GH concentrations.

Lipolytic rate increased nearly 80% between the 12 h 
fast and 59 h fast (Control), and GHRHa administration 
blunted this fasting-induced increase in lipolytic rate in 
a dose-dependent manner (Fig. 2F). The highest dose of 
GHRHa infusion (10 μg/kg/h) significantly reduced lipol-
ytic rate vs. Control (Fig. 2F), whereas the decline in lipo-
lytic rate during Low and Medium GHRHa infusions did 
not reach statistical significance. Intersubject variability 
and relatively low number of subjects in the “Low” and 
“Medium” groups likely were responsible for the reduc-
tion in lipolytic rate to not reach statistical significance.

Relationships between lipolytic rate and discrete 
parameters of GH pulsatility
To help ascertain how discrete components of GH secre-
tion pattern may influence lipolytic rate during fasting, 
we performed correlation analyses (Fig.  3) between the 
individual parameters of GH pulsatility and lipolytic rate 
using the data from the 59 h fasting groups only (Control 
and all doses of GHRHa). There was a strong correlation 
between the lipolytic rate and mean 24 h GH concentra-
tion (R = 0.556, p = 0.00016), as well as total GH peak 
area (i.e., pulsatile GH AUC) (R = 0.49; P = 0.0019), but 
not with mean interpulse GH concentration (R = 0.25; 
P = 0.115) or GH peak frequency (R = 0.044; P = 0.8).

Discussion
This study shows that the rate of lipolysis correlates 
tightly with only pulsatile GH output (i.e., pulsatile GH 
AUC) and not with interpulse GH concentrations or GH 
peak frequency. Traditionally it is thought that increased 
lipolysis and ketosis of starvation are the result of cessa-
tion of insulin production with fasting [13–16]. However, 
we have previously reported that inhibition of mean daily 

Fig. 2  Composite data of discrete parameters of GH pulsatility and Glycerol Ra (rate of lipolysis) for all stages of the protocol. *p < 0.05 vs. Control 
(59 h fast without co-administration of GHRHa). †p < 0.05 vs. 12 h Fast. Lipolytic rate was higher after 59 h fast/Control vs 12 h fast (P = 0.001). GHRHa 
infusions at low and medium doses during 59 h fast were associated with numerically but not statistically lower lipolytic rate compared with 59 h 
fast with no GHRHa (Control). High-dose GHRHa infusion during 59 h fast significantly lowered lipolytic rate compared with 59 h fast/Control
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GH by about 30% using a relatively high dose of GHRHa 
(10 μg/kg/h) during prolonged fasting significantly atten-
uated the fasting-related increase of the lipolytic rate, 
despite virtually complete suppression of insulin secre-
tion [8]. Therefore, the observed changes in rate of lipoly-
sis during prolonged fasting were the direct result of the 
fasting-induced elevation in GH secretion. In support 
of our data, Moller et  al. [17] found that blocking GH 
receptors with pegvisomant selectively suppressed lipid 
mobilization and oxidation after 36 h fast. However, since 
pegvisomant induces global suppression of GH action, 
that study could not address the influence of the discrete 
components of GH pulsatility.

Over the past several years, it has become evident that 
the pattern of GH presentation to the peripheral tissues 
plays an independent and tissue-specific role in mediating 
the resultant metabolic effects [18]. For example, pulsa-
tile patterns of GH secretion are important for control-
ling hepatic expression of P450 enzymes in both humans 
and rats [18, 19]. In addition, pulsatile GH administration 
to male rats increased cartilage and muscle IGF-1 mRNA 

levels, but steady state GH administration did not [20]. 
More relevant to our present findings, Cersosimo et  al. 
[21] demonstrated that pulsatile, but not continuous, GH 
administration to humans increased the rate of lipolysis, 
but this study did not address the issue of potential roles 
of GH peak frequency or of the baseline component of 
GH secretion. Similarly, we previously reported that only 
pulsatile GH administration in humans increased the rate 
of lipolysis [10], while plasma levels of IGF-1, reflecting 
its hepatic production, as well as muscle IGF-1 mRNA 
levels are controlled primarily by the interpulse, nadir, 
GH concentrations [9, 10].

In the present study, graded GHRHa doses induced a 
reduction in the fasting mean 24 h GH concentrations 
by 10–88%. We found strong correlation between rate of 
lipolysis and mean plasma GH concentration during the 
24 h period immediately preceding our measurement of 
lipolytic rate. This was in accord with our earlier findings 
[8]. However, discrete analysis of GH pulsatile parameters 
revealed that mean GH pulse amplitude and total GH 
total peak area may largely underlie this effect. We found 

Fig. 3  Correlation analyses of mean 24 h GH concentration, pulsatile GH AUC, GH peak frequency and inter-pulse GH concentrations vs. rate of 
lipolysis. Correlation coefficients and levels of significance are shown in the Figure panels
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a strong correlation between the rate of lipolysis and 
mean 24 h GH concentration (R = 0.556; P  = 0.00016), 
and total GH peak area (R = 0.49; P = 0.0015), but not 
the interpulse GH concentrations (R = 0.25; P  = 0.115) 
or GH peak frequency (R = 0.044; P = 0.8). Thus, neither 
GH peak frequency nor the interpulse GH levels had 
any association with the reduction of the rate of lipoly-
sis during the fasting state. In this study we used as our 
main parameter pulsatile GH AUC rather than GH pulse 
amplitude. The former gives us more accurate estimate of 
GH secreted during the pulse by integrating all GH val-
ues found during the secretory episode, the duration of 
the pulse and the total number of secretory pulses rather 
than a single GH value of pulse amplitude. In addition, 
GH pulse AUC removes the interfering factor of the 
underlying baseline, tonic GH background. Therefore, 
this study confirms our earlier findings that the pulsatile 
(as opposed to the tonic) component of GH secretion is 
the specific regulator of fat metabolism during prolonged 
starvation. Moreover, the present study expands on these 
findings by demonstrating dose-dependence of the effect 
of suppressing pulsatile GH output during fasting and the 
decline in the lipolytic rate.

We have previously shown that in humans it is the 
nadir GH concentrations that determine the magnitude 
of plasma IGF-1 concentrations (mainly of the hepatic 
origin) as well as muscle IGF-1 mRNA abundance [9, 10]. 
The current study was not designed to revisit this ques-
tion since the model of prolonged fasting is not appropri-
ate to address that issue: fasting per se decreases plasma 
IGF-1 levels [22] and would be a major confounding fac-
tor in analyzing a model of central GH inhibition.

The mechanism(s) regulating the increased GH pulsa-
tile component during fasting are still unclear. Fasting-
induced decrease in circulating IGF-1 concentrations 
[22] is likely to be involved, since the negative feedback 
of IGF-1 on GH secretion specifically suppresses GH 
pulse amplitude [22–24]. Also, the reduction in insulin 
secretion with fasting may also play an important role, 
because elevated insulin concentration during overeating 
rapidly and specifically suppressed GH pulse amplitude 
[25]. These two mechanisms may work independently of 
each other, since the decline of circulating GH by IGF-1 
infusion occurred despite rapid insulin suppression [22]. 
Therefore, both insulin and IGF-1 receptors may partici-
pate separately and, potentially, by different regulatory 
pathways.

In summary, our major findings indicate that the pul-
satile component of the elevated GH secretion during 
fasting is a specific regulator of the increase in rate of 
lipolysis during the prolonged fast. As we have shown 
previously, GH assumes its role as a primary lipolytic 
stimulator only in the presence of markedly inhibited 

insulin concentrations [8]: an ~ 30% inhibition of GH 
output in normally-fed individuals had no effect on the 
rate of lipolysis. Importantly, fasting-induced stimula-
tion of GH pulsatility may be a compensatory mechanism 
aimed at mobilizing endogenous energy to help assure 
survival. In contrast, restoration of pulsatile GH profile 
during energy overabundance appears to be deleterious, 
leading to insulin resistance and hyperlipidemia [26] . 
Therefore, understanding the physiological mechanisms 
of GH regulation and action during different nutritional 
situations is important for the interpretation of param-
eters of hormonal milieu and constructing sound thera-
peutic strategies in clinical situations associated with 
under-, or overnutrition.

Abbreviations
GHRHa: GHRH receptor antagonist; GH: Growth hormone; AUC​: Area under 
the curve.

Acknowledgments
We thank Amy Kaufman, Andrea Cornford and Al Hinko for their technical 
assistance and the subjects of this study for their participation.

Authors’ contributions
AB, JH conceived and analyzed the study and composed the manuscript. NG 
and AS performed the study. AG performed all analyzes. All authors read and 
approved the manuscript.

Funding
This work was supported by the Department of Veterans Affairs Merit Review 
Program (A.B.), NIH Grant R0–1 DK071955 (J.H. and A.B.), NIH Nutrition and 
Obesity Research Center P30DK089503, and a Genentech Fellowship (N.G),

Declarations

Competing interests
Nothing to declare.

Author details
1 Department of Medicine, University of Michigan, Ann Arbor, USA. 2 School 
of Kinesiology, University of Michigan, Ann Arbor, USA. 3 Departments of Medi-
cine and Neurosurgery, Division of MEND, University of Michigan, 24 Frank 
Lloyd Wright Drive G‑1500, Ann Arbor, MI 48106, USA. 

Received: 24 May 2021   Accepted: 4 January 2022

References
	1.	 Rabinowitz D, Zierler KL. A metabolic regulating device based on the 

actions of human growth hormone and of insulin, singly and together, 
on the human forearm. Nature. 1963;199:913–5.

	2.	 Norrelund H. Consequences of growth hormone deficiency for 
intermediary metabolism and effects of replacement. Front Horm Res. 
2005;33:103–20.

	3.	 Norrelund H, Djurhuus C, Jorgensen JO, et al. Effects of GH on urea, glu-
cose and lipid metabolism, and insulin sensitivity during fasting in GH-
deficient patients. Am J Physiol Endocrinol Metab. 2003;285(4):E737–43.

	4.	 Jorgensen JO, Pedersen SA, Thuesen L, et al. Beneficial effects of growth 
hormone treatment in GH-deficient adults. Lancet. 1989;1(8649):1221–5.

	5.	 Shi J, Sekhar RV, Balasubramanyam A, et al. Short- and long-term effects 
of growth hormone (GH) replacement on protein metabolism in GH-
deficient adults. J Clin Endocr Metab. 2003;88(12):5827–33.



Page 8 of 8Goldenberg et al. Clinical Diabetes and Endocrinology             (2022) 8:1 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	6.	 Jaffe CA, Friberg RD, Barkan AL. Suppression of growth hormone (GH) 
secretion by a selective GH-releasing hormone (GHRH) antagonist. Direct 
evidence for involvement of endogenous GHRH in the generation of GH 
pulses. J Clin Invest. 1993;92(2):695–701.

	7.	 Russell-Aulet M, Jaffe CA, Demott-Friberg R, Barkan AL. In vivo semiquan-
tification of hypothalamic growth hormone-releasing hormone (GHRH) 
output in humans: evidence for relative GHRH deficiency in aging. J Clin 
Endocr Metab. 1999;84(10):3490–7.

	8.	 Sakharova AA, Horowitz JF, Surya S, et al. Role of growth hormone in 
regulating lipolysis, proteolysis, and hepatic glucose production during 
fasting. J Clin Endocr Metab. 2008;93(7):2755–9.

	9.	 Faje AT, Barkan AL. Basal, but not pulsatile, growth hormone secretion 
determines the ambient circulating levels of insulin-like growth factor-I. J 
Clin Endocr Metab. 2010;95(5):2486–91.

	10.	 Surya S, Horowitz JF, Goldenberg N, et al. The pattern of growth 
hormone delivery to peripheral tissues determines insulin-like growth 
factor-1 and lipolytic responses in obese subjects. J Clin Endocr Metab. 
2009;94(8):2828–34.

	11.	 Patterson BW. Use of stable isotopically labeled tracers for studies of 
metabolic kinetics: an overview. Metabolism. 1997;46(3):322–9.

	12.	 Jensen MD, Heiling VJ. Heated hand vein blood is satisfactory for 
measurements during free fatty acid kinetic studies. Metabolism. 
1991;40(4):406–9.

	13.	 Marin P, Bjorntorp P. Endocrine-metabolic pattern and adipose tissue 
distribution. Horm Res. 1993;39(Suppl 3):81–5.

	14.	 Horowitz JF, Coppack SW, Paramore D, Cryer PE, Zhao G, Klein S. Effect 
of short-term fasting on lipid kinetics in lean and obese women. Am J 
Physiol Endocrinol Metab. 1999;276(2 Pt 1):E278–84.

	15.	 Nair KS, Woolf PD, Welle SL, Matthews DE. Leucine, glucose, and energy 
metabolism after 3 days of fasting in healthy human subjects. Am J Clin 
Nutr. 1987;46(4):557–62.

	16.	 Klein S, Peters EJ, Holland OB, Wolfe RR. Effect of short- and long-term 
beta-adrenergic blockade on lipolysis during fasting in humans. Am J 
Physiol Endocr Metab. 1989;257(1 Pt 1):E65–73.

	17.	 Moller L, Norrelund H, Jessen N, et al. Impact of growth hormone recep-
tor blockade on substrate metabolism during fasting in healthy subjects. 
J Clin Endocr Metab. 2009;94(11):4524–32.

	18.	 Jaffe CA, Turgeon DK, Lown K, Demott-Friberg R, Watkins PB. Growth hor-
mone secretion pattern is an independent regulator of growth hormone 
actions in humans. Am J Physiol Endocrinol Metab. 2002;283(5):E1008–15.

	19.	 Legraverend C, Mode A, Wells T, Robinson I, Gustafsson JA. Hepatic 
steroid hydroxylating enzymes are controlled by the sexually dimorphic 
pattern of growth hormone secretion in normal and dwarf rats. FASEB J. 
1992;6(2):711–8.

	20.	 Isgaard J, Nilsson A, Vikman K, Isaksson OG. Growth hormone regulates 
the level of insulin-like growth factor-I mRNA in rat skeletal muscle. J 
Endocrinol. 1989;120(1):107–12.

	21.	 Cersosimo E, Danou F, Persson M, Miles JM. Effects of pulsatile delivery 
of basal growth hormone on lipolysis in humans. Am J Physiol. Endocr 
Metab. 1996;271(1 Pt 1):E123–6.

	22.	 Hartman ML, Veldhuis JD, Johnson ML, et al. Augmented growth hor-
mone (GH) secretory burst frequency and amplitude mediate enhanced 
GH secretion during a two-day fast in normal men. J Clin Endocr Metab. 
1992;74(4):757–65.

	23.	 Jaffe CA, Ocampo-Lim B, Guo W, et al. Regulatory mechanisms of 
growth hormone secretion are sexually dimorphic. J Clin Invest. 
1998;102(1):153–64.

	24.	 Bermann M, Jaffe CA, Tsai W, DeMott-Friberg R, Barkan AL. Negative 
feedback regulation of pulsatile growth hormone secretion by insulin-like 
growth factor I. involvement of hypothalamic somatostatin. J Clin Invest. 
1994;94(1):138–45.

	25.	 Cornford AS, Barkan AL, Horowitz JF. Rapid suppression of growth hor-
mone concentration by overeating: potential mediation by hyperinsu-
linemia. J Clin Endocr Metab. 2011;96(3):824–30.

	26.	 Cornford AS, Barkan AL, Hinko A, Horowitz JF. Suppression in growth 
hormone during overeating ameliorates the increase in insulin resist-
ance and cardiovascular disease risk. Am J Physiol Endocrinol Metab. 
2012;15;303(10):E1264-72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Role of pulsatile growth hormone (GH) secretion in the regulation of lipolysis in fasting humans
	Abstract 
	Background: 
	Study aim: 
	Study protocol: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Study protocol
	Analytic methods
	Stable isotope analysis
	Plasma hormone concentrations

	Statistical design

	Results
	Plasma glucose and insulin concentrations
	Plasma growth hormone and lipolysis values
	Relationships between lipolytic rate and discrete parameters of GH pulsatility

	Discussion
	Acknowledgments
	References


