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Cyclic Glycine-Proline (cGP) regulates the homeostasis of insulin-like growth factor (IGF)-1 function and 
cGP/IGF-1 ratio determines IGF-1 bioactivity in vitro and in vivo. Plasma IGF-1 represents largely inactive 
IGF-1 and weakly associated with human obesity and hypertension. We evaluated the regulatory role for cGP 
in pregnancy-related obesity and hypertension and in obesity status between pregnancy and postpartum. 
Women were recruited in their first pregnancy. A cross-sectional study compared plasma concentration 
of cGP, IGF-1 and IGF binding protein (IGFBP)-3 in women with obesity and/or hypertension to normal 
controls 6-year postpartum using UPLC-MS and ELISA. A longitudinal study compared the changes of 
these peptides from 15-week gestation to 6-year post-partum in the women who remained normal weight, 
remained obese or changed to obese or to normal respectively.  Study 1 is a cross-sectional study. The obese 
group had lower IGF-1(p = 0.001), higher cGP/IGF-1 ratio (p = 0.0055) and the hypertensive group had 
lower IGFBP-3 (p = 0.046) and cGP (p = 0.043) than the controls. Study 2 is a longitudinal study. Women 
with weight loss had increased cGP/IGF-1 ratio (p = 0.0026) and decreased IGFBP-3 (p = 0.0001) compared 
with women whose weight remained normal. Women with weight gain had lower IGFBP-3 (p < 0.0001) only. 
Women who remained obese had increased cGP/IGF-1 ratio (p = 0.006) only. Increase in cGP/IGF-1 ratio is 
associated with obesity, but not hypertension. Changes of IGFBP-3 and/or cGP/IGF-1 ratio are associated 
with weight changes. The data suggest the role for cGP in obesity through autocrine regulation of IGF-1.
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form cyclic Glycine-Proline (cGP) through peptide 
cyclisation (16). As a major binding site to IGFBPs 
(15) the N-terminal peptides retain the ability to 
interact with IGFBP-3 (17). cGP has been well 
characterised as neurotrophic peptides (16). The 
research into the mechanism of cGP demonstrated 
the role of cGP in maintaining homeostasis of IGF-1 
function through altering IGF-1 binding to IGFBP-3 
with the higher ratio of cGP/IGF-1 and the greater 
free, bioactive IGF-1 (17-19). Thus the competitive 
binding to IGFBP-3 between cGP and IGF-1 
determine the autocrine regulation of IGF-1. The 
concentrations of plasma cGP and IGFBP-3 change 
relating to plasma IGF-1 during development (18). 
Compare to their adult counterpart plasma IGF-1 is 
lower in infant rats (18). In order to increase free, 
bioactive IGF-1 cGP increases whereas IGFBP-3 
decreases in infant rats (18). While the changes of 
cGP and its relative concentration to IGF-1 may be a 
better representation of bioactive IGF-1, the plasma 
concentration of IGF-1 represents growth hormone 
(GH) regulated liver production of IGF-1, namely 
endocrine regulation of IGF-1. 

Longitudinal studies suggest a transient decline 
in maternal IGF-1 around 8-16 weeks gestation 
due to liver resistance to GH associated IGF-1 
production in liver (20). The changes in circulating 
IGF-1 between pregnancy and post-partum may 
provide a window of opportunity to evaluating 
the regulatory role of cGP in homeostasis of 
IGF-1 (18) and its association with the changes 
of obesity status. To demonstrate the potential 
involvement of cGP in metabolism, current study 
for the first time, evaluated the changes of cGP/
IGF-1 ratio in human pregnancy associated obesity 
and/or hypertension and changes of obesity status 
between early pregnancy and the post-partum. In 
addition, mathematical modelling techniques have 
successfully been used to indirectly determine the 
free concentration of cortisol in clinical subjects 
(21), and estimates of free IGF-1 (17, 19) and 
provide important information that is beyond direct 
biological evaluation.

Experimental design
Study subjects were part of the international 

Obesity is a complex metabolic disorder 
characterised by an increase of adipose mass.  
Clinically it is defined as a BMI of ≥30 kg/m2, however 
this definition fails to take into account the differences 
in muscle mass and relative amounts of visceral and 
peripheral fat in gender. Visceral fat or abdominal 
obesity are independent markers of cardiovascular 
morbidity and mortality.  The association of obesity 
with dyslipidemia, hyperglycemia and hypertension 
collectively defined as metabolic syndrome identifies 
those at higher risk of cardiovascular disease (1). The 
additional biological changes for predicting changes 
of obesity status are desirable. 

Insulin-like growth factor-1 (IGF-1), a 
growth peptide plays an important role in energy 
metabolism (2, 3). IGF-1 deficiency is associated 
with metabolic dysfunction (2, 3) including obesity 
(4) and hypertension (5). Epidemiological research 
shows that plasma IGF-1 in the upper normal range 
is associated with reduced blood pressure, lipids 
and increased insulin sensitivity (6). The changes 
of circulating IGF-1 and IGF binding protein-3 
(IGFBP-3) have been used for indicating the degree 
of IGF-1 deficiency in metabolic disorders (2, 4, 
5, 7, 8), however reported inconsistently (6, 7, 9). 
These changes may not represent bioactive IGF-1 
accurately. 

The majority of IGF-1 circulates in blood in a 
form bound to IGFBPs, of which >75% is IGFBP-3 
(2). The binding to IGFBPs protects IGF-1 from being 
metabolised and also from activating IGF-1 receptors 
(2). Thus IGFBPs regulate IGF-1 function through 
either reducing or increasing IGF-1 bioavailability, 
characterised as autocrine regulation for stabilising 
homeostasis of IGF-1funciton (2). However current 
assays measure the total plasma IGF-1 which is 
largely inactive. This is not just a technical issue as 
the window of opportunity for detecting free IGF-
1 is narrow because free IGF-1 is either rapidly 
metabolised or internalised after activating receptors. 
Despite the disadvantages of measuring total IGF-1, 
IGF-1/IGFBP-3 ratio has been used for indicating 
‘free’, bioactive IGF-1, which may only partially 
represent IGF-1 function (10).  

N-terminal tripeptides of IGF-1 enzymatically 
cleave (11, 12) from free IGF-1 (13-15), and then 
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particulates. Standards were prepared by spiking cGP 
into charcoal stripped human plasma (cat#BB220111L 
SeraCare, Milford MA, USA), quality control samples, 
with cGP at two different concentrations, were utilised 
and then subjected to the same extraction procedure as 
the samples. 

UPLC-MS assay 
The assay has been described previously (18). 

Briefly, the chromatography conditions consisted 
of a Synergy Hydro 2.5 µm column 100 x 2 mm 
(Cat# 00D-4387-B0, Phenomenex) with an initial 
mobile phase composition of 10% methanol/90% 
water flowing at 200 µl per minute with a column 
temperature of 35°C. Ionization was undertaken 
using heated electrospray ionization in positive 
mode with a voltage of 4000V, a sheath gas flow 
of 30psi, an auxiliary gas flow of 2psi, and a 
capillary temperature of 250°C. Fragmentation was 
achieved with argon at 1.2 mTorr as the collision 
gas and a dissociation voltage of 35V. The mass 
spectrometer system consisted of an Accela MS 
pump and autosampler on a Finnigan TSQ Quantum 
Ultra AM triple quadrupole mass spectrometer all 
controlled by Finnigan Xcalibur software (Thermo 
Electron Corporation, San Jose, CA, USA), it was 
run in selective reaction monitoring mode with 
the following two transitions 155.1 -> 70.2m/z 
and 157.1 -> 70.2m/z utilised for cGP and cGP-d2 
respectively. The retention time for both peaks was 
3.6 min. Unknown samples were quantitated using 
the peak area ratio of cGP/cGP-d2 compared with the 
standard curve of known concentrations. 

ELISA
Plasma concentration of IGF-1 and IGFBP-3 were 

measured using commercial ELISA kits (Cat# 80572 
and 80580 respectively, Crystal Chem, Chicago, IL, 
USA) according to the manufacturer’s instructions. 
The absorbance values were obtained using a plate 
reader (BioTek® Synergy™ 2 Multi-detection 
Microplate Reader, Gen5 software, Winooski, VT, 
USA) set at 450 nm for the excitation wavelength 
and at 630 nm for the emission wavelength. 
Concentrations were reported as ng/ml.

Screening for Pregnancy Endpoints study (SCOPE)  
in which Auckland women were recruited in their 
first ongoing pregnancy and post-partum between 
2004 and 2008 (Fig.1) (22-24) and the study was 
approved by the Northern Region Ethics Committee, 
New Zealand (AKX/02/00/364). All subjects 
gave informed, signed consent to participate in 
the study. The subjects were women who attended 
for assessment and blood collection at 15 weeks’ 
gestation and subsequently at 6 years postpartum, 
after the first birth. These blood samples were stored 
at -80°C.  We selected 40 EDTA samples collected 
from non-pregnant women who were (a) obese + 
normotensive (n = 10) or (b) obese + hypertensive (n 
= 10), or (c) non-obese + hypertensive (n = 10) or (d) 
non-obese + normotensive (n = 10).  In addition, we 
identified paired samples collected at both 15 weeks’ 
gestation in their first pregnancy and then 6 years 
later, from normotensive women who were obese or 
normal weight during their first pregnancy and either 
remained obese (n = 10) or normal weight (n = 10) 
or who changed from obese to normal weight (n = 
10), or from normal weight to obese (n = 10). The 
samples collected from the normotensive women 
who were either normal or obese were used for the 
analysis in both studies.

Plasma extraction of cGP 
The assay has been descripted previously (18). 

cGP-d2, an internal standard (50 µl of 500ng/ml) was 
added to 100 µl of plasma, and vortex mixed. The solution 
was transferred to a 1ml Phree phospholipid removal 
cartridge (cat# 8B-S133-TAK, Phenomenex, Auckland, 
New Zealand) contained in 4.5-ml tube. 500 µl of 1% 
formic acid (cat#100264 Merck KGaA Darnstadt, 
Germany) in acetonitrile (cat# 1.00030 Merck) was 
added to the cartridge and centrifuged at 1000 g for 5 
min at 4°C to enable the collection of the filtrate. The 
filtrate was dried using a vacuum concentrator (Savant 
SC250EXP, Thermo Scientific, Asheville, NC, USA), 
1.5 mTor for 1 h then 0.7mTor for 45 min, at room 
temperature. The dried samples were reconstituted in 
100 µl of 10% methanol (cat#1.06007 Merck)/water 
and transferred to a UPLC vial (cat#AR0-39S0-13-C 
Phenomenex) for quantitation, then centrifuged at 
500 rpm for 5 min at 4°C to sediment any remaining 
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IGF-1 to IGFBP-3 (nM-1 min-1), ak 1�  is the rate of 
dissociation of IGF-1 from IGFBP-3 (min-1), ck 1+ is 
the rate of binding of cGP to IGFBP-3 (nM-1 min-1), 

ck 1� is the rate of dissociation of cGP from IGFBP-3 
(min-1), 10q  is the initial concentration of unbound 
IGFBP-3 (nM), 20q  is the initial concentration of 
unbound IGF-1 (nM), 30q  is the initial concentration 
of bound IGF-1 (nM), 60q  is the initial concentration 
of unbound cGP (nM), and 80q  is the initial 
concentration of bound cGP (nM). We assumed 
that ak 1+ = 0.002 nM-1 min-1,(25, 26), ak 1� = 0.0062 
min-1 (25, 26), ck 1+ = 0.001 nM-1 min-1, and ck 1� = 
0.0062 min-1. The total concentration of IGF is 2q
+ 3q , the total concentration of cGP is 6q + 8q  and 
the total concentration of IGFBP-3 is 1q + 3q + 8q . 
Differential equations were solved using ode15s in 
MATLAB (27).

Statistical analysis 
For Study 1, two-way ANOVA with multiple 

comparisons was used for analysing the effects of 
obesity/non-obese and of normotensive/hypertensive 

Mathematical model of dynamic changes of IGF-1, 
cGP and IGFBP-3

The mathematical model of the non-linear 
dynamics of IGF-1/cGP/IGFBP-3 can be described 
by a 5 variable model, a simplified version of Model 
4 used by Phillips et al. (19). IGF-1 and cGP are 
assumed to competitively bind to IGFBP3 (17). 
The rate of change in the concentrations (nM) of 
unbound IGFBP-3 (q1), unbound IGF-1 (q2), bound 
IGF-1 (q3), unbound cGP (q6) and bound cGP (q8) are
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where t is time (min), ak 1+  is the rate of binding of  

Figure 1 

 

Participated in pregnancy and at birth 

n = 1961 

Participated at postpartum 

N = 1208 

Gave blood sample at 6 y postpartum 

N = 629 

* Same subjects used for the analysis of Study 1 and Study 2 
^ Obese at 15 w gestation and 6 y postpartum n=9, non-obese at 15 w gestation and at 6 y postpartum n=1 
# Number samples were available for cGP analysis at 15 weeks n=9 
& Supplementary analysis of Study 1 included another 20 non-pregnant women of Study 2  
 

Hypertensive at 6 y postpartum no no yes yes 

Obese at 6 y postpartum no yes no yes 

  

Number 501 77 33 18 

 

Selected for Study 1 10* 10^ 10 10 

 

Obese at 15 w gestation no yes no yes 

Obese at 6 y postpartum no no yes yes 

  

Number 522 12 41 54 

 

Selected for Study 2 10*# &10 &10 10 

 

Fig. 1. The study population.

* Same subjects used for the analysis of Study 1 and Study 2
^ Obese at 15 w gestation and 6 y postpartum n=9, non-obese at 15 w gestation and at 6 y postpartum n=1
# Number samples were available for cGP analysis at 15 weeks n=9
& Supplementary analysis of Study 1 included another 20 non-pregnant women of Study 2 
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absence of obesity. The characteristics of the women 
in the second study who were sampled at 15 weeks 
of pregnancy and again 6 years post-partum were 
selected on the basis of discordant obesity status as 
shown in Table II. 

Biochemical Data
Study 1: Cross-sectional changes of IGF-1, cGP and 
IGFBP-3 in women 6 years postpartum 

Compared to normal weight women, the plasma 
concentrations of IGF-1 were significantly lower in 
obese women (Fig. 2A, f [1,36] = 12.72, p = 0.001), 
and a lower but not statistically significant IGF-1 
concentration in hypertensive women (f [1,36] = 3.54, 
p = 0.068) was observed. Multiple comparison showed 
a lower IGF-1 in obese only women when compared 
to normal control women (Fig. 2A, p = 0.0014). 

Both cGP (Fig. 2B, f [1,36] = 4.38, p = 
0.043) and IGFBP-3 (Fig. 1C, f [1,36] = 4.2, p = 

(SAS version 9.6, SAS Institute Inc., Cary, NC, 
USA). For Study 2, one-way ANOVA was used to 
analyse the changes between the paired data (SAS 
version 9.6, SAS Institute Inc., Cary, NC, USA) and 
data are presented as mean ± SD. Correlation between 
the parameters was analysed using Pearson tests.

RESULTS

Clinical characteristics of the non-pregnant 
women in Study 1 selected for either obesity or 
hypertension are shown in Table I. Women with 
obesity, defined by BMI > 30 kg/m2, also had 
increased waist circumferences, higher triglycerides 
and LDL at 6 years post-partum. Those selected for 
hypertension in the presence of obesity, fulfilled 
more criteria for metabolic syndrome, as defined 
by International Diabetes Federation, than those 
women who were selected for hypertension in the 

Table I. Clinical characteristics of participants in cross-sectional Study 1.

Non-obese, non-
hypertensive (n=10)

Non-obese, 
hypertensive (n=10)

Obese, non-
hypertensive

(n=10)

Obese, hypertensive
(n=10)

Age (years) 30.1 (3.2) 32.7 (3.3) 32.6 (5.6) 29.4 (5.0)

European  9 (90%) 9 (90%) 9 (90%) 9 (100%)

Waist (cm) 74.4 (3.2) 74.2 (4.1) 108.4 (16.3) 104.9 (10.6)

BMI (kg/m2) 21.7 (2.0) 22.0 (1.4) 36.7 (6.0) 37 (5.5)

BP (mmHg)
Systolic
Diastolic

106 (6)
64 (5)

142.5 (7)
78 (10)

123 (8)
72 (7)

137 (7)
80 (11)

Lipids (mmol/L)
TG
LDL
HDL

0.7 (0.1)
2.7 (0.5)
1.6 (0.5)

0.9 (0.3)
2.5 (0.9)
1.8 (0.6)

1.2 (0.4)
3.4 (0.5)
1.6 (0.3)

1.3 (0.4)
3.2 (0.8)
1.4 (0.3)

Fasting glucose 
(mmoL) 4.8 (0.3) 4.8 (0.5) 4.8 (0.6) 5.3 (0.8)

Metabolic 
syndrome* 0 0 1 6

Values are presented as means
*Metabolic syndrome defined as per IDF criteria of BMI > 30kg/m2 or waist >80cm plus any two of the following four 
features (1) raised triglycerides >1.7mmol/L or lipid treatment, (2) reduced HDL <1.29mmol/L, (3) raised blood pressure 
based on systolic BP >130 or diastolic BP >85mmHg, (4) raised fasting glucose >5.6mmol/L, or glucose lowering 
treatment. Values in parentheses denote standard errors.
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between hypertension and non-hypertension groups. 
Multiple comparisons showed a significantly 
higher ratio of cGP/IGF-1 in the obese only group 
compared to the normal control group (Fig. 2D, p = 
0.0185). The ratio of cGP/IGF-1 was not statistically 
different between the hypertensive women who 
were of normal weight and those who were obese. 

The IGF-1/IGFBP-3 ratio was significant lower 
in the obese groups (Fig. 2E, f [1,36] = 10.77, p 
= 0.0023) than that of non-obese groups. Obese 

0.046) concentrations were moderately lower in 
hypertensive women compared to the normotensive 
women.  There were no differences in cGP and 
IGFBP-3 between obese and non-obese groups and 
no interaction between hypertension and obesity on 
cGP levels. Multiple comparisons did not show any 
significant differences between the four groups. 

The cGP/IGF-1 ratio was higher in obese groups 
compared to the non-obese groups (Fig. 2D, f [1,36] 
= 8.71, p = 0.0055), there were no differences 

Fig. 2. Plasma concentrations of cGP (A), total IGF-1 (B), IGFBP-3 (C), the molar ratio of cGP/IGF-1 (D) and IGF-1/
IGFBP-3 (E) in the women with and without hypertension (hyper) and/or obesity (Obe) and correlation between cGP and 
cGP/IGF-1 ratio (F).  * p < 0.05, ** p < 0.01 indicate the difference between no-obe and obe; no-hyper and hyper, data 
presented as mean ± SD.
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for the analysis of cross-sectional study. This showed 
consistent results for cGP and IGF-1 concentrations 
(and cGP/IGF-1 ratio) but the IGFBP-3 results no 
longer showed significant effects of hypertension. 
In comparison, the molar ratio of IGF-1 to IGFBP-3 
continued to show effects of obesity, but not 
hypertension. 

women, both with and without hypertension, had 
lower ratios than non-obese/non-hypertension 
women (p = 0.0093). There was a significant 
correlation between cGP concentration and cGP/
IGF-1 ratio (Fig. 2F, r = 0.77, p < 0.0001) in all 
groups. The design of study 2 meant that there was 
additional data for another 20 non-pregnant women 

Table II. Clinical characteristics of participants in longitudinal Study 2.

Obese/obese
N=10&

Non obese/non obese 
(n=10)#

Obese/non obese 
(n=10)#

Non obese/obese 
(n=10)&

Age (years) 31.7 (6.1) 30.1 (3.2) 34.1 (3.9) 31.5 (2.6)

European 8 (80%) 10 (100%) 9 (90%) 9 (90%)

Waist (cm) 108.5 (16.2) 74.4 (3.2) 93.9 (7.7) 101.1 (10.3)

BMI at 15 weeks 
(kg/m2) 34.6 (2.8) 22.1 (1.4) 30.9 (1.0) 27.5 (1.9)

BMI 6years PP(kg/
m2) 36.8 (5.8) 21.7 (2.0) 28.2 (1.2) 32.6 (2.4)

BP (mmHg)
Systolic
Diastolic

122.8 (8)
71 (7)

106 (6)
64 (5)

118 (7)
70 (4)

117 (6.2)
67 (6)

Lipids (mmol/L)
TG
LDL
HDL

1.3 (0.4)
3.4 (0.5)
1.5 (0.3)

0.7 (0.1)
2.7 (0.5)
1.6 (0.5)

1.1 (0.4)
3.4 (0.9)
1.6 (0.5)

1.2 (0.3)
3.4 (0.6)
1.6 (0.8)

Fasting glucose 
(mmol/L) 4.8 (0.6) 4.8 (0.3) 4.9 (0.4) 5.3 (0.6)

Metabolic 
syndrome* 1 0 1 2

Values are presented as means &: 20 non-pregnant women from study 2 were used for analysis of Study 1 # Additional 20 
non-pregnant women from Study 2 were included the analysis of Study 1 which did not alter the changes of cGP and IGF-1 
in both obesity and hypertension, but the change of IGFBP-3 no longer statistically significant in the hypertension group.
*Metabolic syndrome defined as per IDF criteria of BMI > 30kg/m2 or waist >80cm plus any two of the following four 
features (1) raised triglycerides >1.7mmol/L or lipid treatment, (2) reduced HDL <1.29mmol/L, (3) raised blood pressure 
based on systolic BP >130 or diastolic BP >85mmHg, (4) raised fasting glucose >5.6mmol/L, or glucose lowering 
treatment. Values in parentheses denote standard errors.
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There was no significant difference in the changes 
of cGP concentrations between any groups (Fig. 3B). 
Compared to the control group the concentrations of 
IGFBP-3 were reduced over time significantly in the 
groups with weight loss (obe-no, p=0.0001) and weight 
gain (Fig. 3C, no-obe, p < 0.0001), but no difference in 
the group who remained obese after pregnancy (Fig. 
3C, obe-obe). 

Compared to the control group, the changes of cGP/

Study 2: Changes between the paired samples at 15 
weeks gestation and 6 years postpartum 

Compared to the stable normal weight control 
group (no-no) who showed an increase in IGF-1 over 
time, the concentrations of plasma IGF-1 were reduced 
in both groups who were obese at 15 weeks (Fig. 3A, f 
[1,36] = 5.16, p = 0.0045; obe-no, p = 0.004; obe-obe, 
p = 0.018), but only a marginal reduction in the group 
with weight gain over time (no-obe). 

Fig. 3. Changes of plasma concentrations of cGP (A), total IGF-1 (B), IGFBP-3 (C), the molar ratio of cGP/IGF-1 (D) and 
IGF-1/IGFBP-3 (E) between 15 weeks during and 6 year after pregnancy in the women with weight gain (no-obe), or weight 
loss (obe-no) or remained to be normal (no-no) or remained to be obese (obe-obe), and the correlation between cGP and cGP/
IGF-1 ratio (F). * p < 0.05, ** p < 0.01 indicate the difference from the control group (no-no), data presented as mean ± SD.

J. GUAN ET AL.
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bound and unbound forms of IGF-1, cGP and IGFBP-3 
(17, 19). This allowed a broader range of hypotheses 
to be tested on the effect of bound/unbound peptides 
on health outcomes. In study 1: The mathematical 
model reproduced the biological data of total IGF-1 
(bound + free IGF-1), total IGFBP-3 (bound + free 
IGFBP-3) and cGP (bound + free cGP) and generated 
estimates of the concentrations of free IGF-1, cGP and 
IGFBP-3 in the plasma (Figs. 4 and 5).

IGF-1 ratio was increased in the groups that were obese 
during pregnancy (Fig. 3D, obe-no, p = 0.0026, obe-
obe, p = 0.006). There was no statistical difference in 
IGF-1/IGFBP-3 ratio between groups (Fig. 3E). The 
changes of cGP and cGP/IGF-1 ratio of all groups were 
significantly correlated (r = 0.68, p < 0.001, Fig. 3F). 

Mathematical analysis
The mathematical model was used to estimate the 

Fig. 4. Bound and free IGF-1 (A, B), bound and free cGP (C, D) and bound and free IGFBP-3 (E, F) which was generated 
through a mathematical model based on the biological data of Study 1, data presented as mean ± SD.
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weight loss, but not the group which remained obese 
after pregnancy. 

DISCUSSION

As a trophic response to low circulating IGF-
1(18), cGP/IGF-1 ratio was increased in obese 
women 6 years post-partum. The data provide a first 
clinical evidence of the role for cGP in metabolism 
mediated through autocrine regulation of IGF-1. 

The majority of IGF-1 and cGP and only half of 
the IGFBP-3 were in the bound forms. The free cGP 
appeared to be higher than that of free IGF-1. The data 
from study 1 suggested the changes of free and bound 
peptides were in proportion.  In study 2, the changes 
of bound IGF-1 and cGP, as well as the free IGFBP-3 
were representative of biological data. However, the 
free IGF-1 generated from the mathematic model only 
represented the biological data of cGP/IGF-1 ratio in 
the control group and the groups with weight gain and 

Fig. 5. Bound and free IGF-1 (A, B), bound and free cGP (C, D) and bound and free IGFBP-3 (E, F) which was generated 
through a mathematical model based on the biological data of Study 2, data presented as mean ± SD.  

J. GUAN ET AL.
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IGFBP-3 in hypertensive women could be a chance 
finding possibly due to the small sample sizes. Even 
though the data were clear in obesity, larger clinical 
studies are essential to confirm the current findings. 

IGF-1 deficiency has been indicated through 
circulating IGF-1, which represents largely the 
bound, inactive IGF-1 due to the small window of 
opportunity for measuring free IGF-1 (8). While 
the changes of circulating IGF-1, which associates 
with endocrine regulation of IGF-1, were similar 
in obesity and hypertension, cGP/IGF-1 ratio 
associated autocrine regulation may differentiate 
IGF-1 regulation and function between obesity and 
hypertension. With more clear indication of cGP/
IGF-1 ratio in obesity, we subsequently analysed 
whether cGP/IGF-1 ratio would be involved in 
the change in obesity status over time between 
pregnancy and post-partum. 

The role of GH-IGF system in obesity and 
metabolic syndrome is complex.  GH is principally 
involved in regulating somatic growth either directly 
or indirectly by stimulating IGF-1 production, 
largely in liver, that mediates GH action on peripheral 
tissues (29).  The IGF-1 concentration decreases 
during the first trimester of pregnancy in women 
with normal somatotroph functions as the increase 
of oestrogens during pregnancy supresses GH 
regulated IGF-1 induction in the liver, characterised 
as liver resistance (20), which recovers post-partum. 
This shift of plasma IGF-1 during pregnancy and 
post-partum provide an opportunity to evaluate 
the involvement of cGP in homeostasis of IGF-1 
function. The results from Study 2 showed consistent 
lower plasma IGF-1 in all groups, with IGFBP-3 and 
cGP largely unchanged during early pregnancy (data 
not shown). Compared to the data from pregnancy, 
the concentration of IGF-1 increased 6 years post-
partum in the control groups due to the recovery 
of liver production of IGF-1, but remained low in 
all obese groups. Thus, we compared the changes 
between the paired samples collected at 15 weeks’ 
pregnancy and 6 years post-partum.  

Compared to the control group who remained 
normal weight overtime, the changes of IGF-1 
were reduced in obese groups, particularly the 
groups that were obese during early pregnancy (Fig. 

By comparing the changes of obese status from 15-
week pregnancy to 6 years post-partum, the weight 
loss over time was associated with both decreased 
IGFBP-3 and increased cGP/IGF-1 ratio, an effective 
autocrine regulation to improve IGF-1 function. 
Women with weight gain over time were associated 
with a reduced IGFBP-3, but no change in cGP/IGF-
1 ratio whereas the women who remained obese 
had an increased cGP/IGF-1 ratio, but no change in 
IGFBP-3. Thus, cGP-associated autocrine regulation 
of IGF-1 plays a role in the changes of obese status.   

Low circulating IGF-1 is reported in human 
obesity (4), however the changes of plasma IGF-1 in 
hypertensive patients appeared to be more difficult 
to interpret (5). Consistent with these observations 
from larger clinical cohorts, we found low plasma 
IGF-1 in obese groups (Fig. 2A). A trend increase 
of cGP in the obese group (Fig. 2, A and B) led to 
an increase in cGP/IGF-1 ratio in obesity (Fig. 
2D). We have recently reported that the cGP/IGF-
1 ratio determines the bioavailability of IGF-1 with 
the higher ratio and the more bioavailable IGF-1 in 
vitro (17) and in vivo (18). The reversible binding 
of IGF-1 to IGFBPs acts as autocrine regulation for 
maintaining the homeostasis of bioavailable IGF-1 
(28). As a key binding site of IGF-1 to IGFBPs, cGP 
regulates IGF-1/IGFBP-3 binding in a concentration-
dependent, competitive manner (17-19).  As an 
autocrine response to lower plasma IGF-1, cGP/
IGF-1 ratio is higher in infant rats compared to their 
adolescent and adult counterparts (18). 

Even though IGF-1 was not significant lower 
in hypertensive groups, we found a reduction of 
IGFBP-3, which could be an autocrine response to 
improve bioavailability of IGF-1 (Fig. 1C), thus 
an indirect indication for mild IGF-1 deficiency 
in hypertension. The hypertensive group also had 
significant lower cGP, leading to a ‘no change’ of 
cGP/IGF-1 ratio in hypertensive groups. The data 
suggest that cGP-associated autocrine regulation 
may not be involved in hypertension. 

While the results remained the same in obesity, 
hypertension-associated low IGFBP-3 was no longer 
significant when the additional 20 post-partum 
samples from the longitudinal study were added 
to the analysis of cross-sectional study. Thus, low 
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samples from longitudinal studies may eliminate 
the influence of clinical variations, thus increase the 
power of the statistics. The sensitive changes of cGP/
IGF-1 ratio and IGFBP-3 may develop for clinical 
use as biomarker for predicting IGF-1 function. 

Given the role for GH in regulating liver 
production of IGF-1 and IGFBP-3, the investigation 
into liver function and potential GH resistance due 
to fatty liver is a relevant and important aspect in 
obese groups (32). Unfortunately, we did not have 
liver imaging or biochemical data to assess fatty 
liver status in these participants. 

The mathematical model was used to estimate 
the bound and unbound forms of IGF-1, cGP and 
IGFBP-3 (17, 19) a task which is beyond biological 
evaluation. The model was designed based on 
the concentration-dependent competitive binding 
between cGP and IGF-1 to the IGFBP-3 with the 
same affinity and allowed for a broader range of 
hypotheses to be tested (17, 19). While the bound 
IGF-1 and bound cGP were the dominant forms, 
the free IGFBP-3 was double the bound IGFBP-3, 
suggesting that the biological data were largely 
representing the bound forms of IGF-1 and cGP and 
free IGFBP-3 in both studies. The significance of 
analysing non-linear changes of these peptides is to 
reveal the relationship between bound peptides and 
free IGF-1 and dynamic relationships between them.  
In study 2, for example, the free IGF-1 was lowest 
in the group that remained obese and free cGP was 
lowest in the group that remained normal. The bound 
form of IGFBP-3 was relatively high in both groups 
where body weights remained unchanged, whereas 
the bound form of IGFBP-3 was relatively low in 
both groups with changes of obesity status.  Further 
development of this mathematical model to include 
the enzymatic activities that breaks down IGFBP-3 
and that convert IGF-1 to cGP will provide an 
additional tool to support large clinical trials.

Our study provides the first clinical confirmation 
for the role of cGP in energy metabolism through 
autocrine regulation. The increase in cGP/IGF-1 ratio 
is a positive response to maintain the homeostasis of 
IGF-1 function in obesity. The co-changes of cGP/
IGF-1 ratio and IGFBP-3 in plasma may indicate 
the anticipated weight changes, which potentially 

3A). The data may suggest that pregnancy-related 
obesity may associate with the persistence of low 
GH regulated IGF-1 production postpartum. Low 
plasma IGFBPs have been reported in women with 
pregnancy-related obesity (30). Given that binding 
of IGF-1 to IGFBP-3 reduces bioactive IGF-1, the 
decreased circulating IGFBP-3 would improve IGF-
1 bioavailability. The increased cGP/IGF-1 ratio 
could further release IGF-1 from IGFBP-3. The 
group with weight loss showed a reduced IGFBP-3 
and an increased cGP/IGF-1 ratio. In contrast, the 
group with weight gain had reduced IGFBP-3 only 
and the group who remained obese, without further 
weight gain, showed an increase in cGP/IGF-1 
ratio only. While circulating IGF-1 was low in all 
obesity groups, collective responses of IGFBP-3 and 
cGP/IGF-1 ratio appeared to differentiate clinical 
phenotypes with changing obesity status. Even 
though the data were significant, a large clinical trial 
is essential to confirm our findings. 

IGF-1 function in the normal control group was 
largely maintained through endocrine regulation to 
increase liver production after pregnancy with less 
involvement with autocrine regulation (17, 18). 
Similarly, adolescent rats have higher IGF-1 and 
lower cGP/IGF-1 ratio compared to their infant 
littermates (18). The changes of IGF-1/IGFBP-3 
ratio (Fig. 3E), a commonly used biomarker for free 
IGF-1, was similar to that of plasma IGF-1 and did 
not differentiate between the clinical phenotypes 
with weight changes.  

A small number of samples were used in the 
both cross sectional and longitudinal studies. 
The significant differences of cGP/IGF-1 ratio 
and IGFBP-3 from these small studies suggest 
the changes were sensitive, particularly when the 
samples from longitudinal study were compared. The 
sensitivity of these changes were also demonstrated 
recently in another longitudinal clinical trial that 
evaluated the regulatory role for cGP in neurological 
conditions (31). Using 7 paired samples collected 
before and after a treatment that may relate to the 
reduced clinical symptoms of anxiety and depression 
in Parkinson patients (31), we found significant 
increase of cGP in the cerebrospinal fluid which 
was correlated with plasma cGP/IGF-1 ratio. Paired 
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estrogen. Cancer Epidemiol Biomarkers Prev 2014; 
23:534-44.

8. Juul A. Serum levels of insulin-like growth factor I 
and its binding proteins in health and disease. Growth 
Horm IGF Res 2003; 13:113-70.

9. Zatko T, Matejovicova B, Boledovicova M, 
Vondrakova M, Bezakova A, Sirotkin AV. Growth 
and obesity and its association with plasma level of 
steroid hormones and insulin-like growth factor-I 
(IGF-I) in Slovak female students. Bratisl Lek Listy 
2013; 114:573-80.

10. Sifakis S, Akolekar R, Kappou D, Mantas N, 
Nicolaides KH. Maternal serum insulin-like growth 
factor (IGF-I) and binding proteins IGFBP-1 and 
IGFBP-3 at 11-13 weeks’ gestation in pregnancies 
delivering small for gestational age neonates. Eur J 
Obstet Gynecol Reprod Biol 2012; 161:30-3.

11. Yamamoto H, Murphy LJ. Generation of des-(1-
3) insulin-like growth factor-I in serum by an acid 
protease. 1994; 135:2432-39.

12. Yamamoto H, Murphy LJ. Enzymatic conversion of 
IGF-I to des(1-3)IGF-I in rat serum and tissues: A 
further potential site of growth hormone regulation 
of IGF-I action. J Endocrinol 1995; 146:141-48.

13. Bourguignon JP, Gerard A. Role of insulin-like 
growth factor binding proteins in limitation of IGF-1 
degradation into the N-methyl-D-aspartate receptor 
antagonist GPE: evidence from gonadotrophin-
releasing hormone secretion in vitro at two 
developmental stages. Brain Res 1999; 847:147-52.

14. Nilsson-Hakansson L, Civalero I, Zhang X, Carlsson-
Skwirut C, Sara VR, Nordberg A. Effects of IGF-1, 
truncated IGF-1 and the tripeptide Gly-Pro-Glu on 
acetylcholine release from parietal cortex of rat 
brain. Neuroreport 1993; 4:1111-14.

15. Sara VR, Carlsson Skwirut C, Drakenberg K, et 
al. Truncated IGF-1 in the CNS. Ann NY Acad Sci 
1992; 175th:24.

16. Guan J, Harris P, Brimble M, et al. The role for IGF-
1-derived small neuropeptides as a therapeutic target 
for neurological disorders. Expert Opin Ther Targets 
2015; 19:785-94.

17. Guan J, Gluckman P, Yang P, et al. Cyclic glycine-
proline regulates IGF-1 homeostasis by altering the 
binding of IGFBP-3 to IGF-1. Sci Rep 2014; 4:4388.

18. Singh-Mallah G, Singh K, McMahon CD, et al. 

could be developed for clinical use as a biomarker 
if this is further confirmed in larger prospective 
clinical studies. Given that the pharmacokinetics 
and dynamics of cGP and its pharmaceutically 
developed analogues have been well characterised 
(16), it remains to be tested whether cGP could be 
developed for treating metabolic disorders.
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