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Abstract

Gastric inhibitory polypeptide (GIP) is a gut derived peptide with multiple emerging physiological actions. Effects of
pregnancy and lactation on GIP secretion and related gene expression were studied in Wistar rats. Pregnancy moderately
increased feeding (p,0.05), whilst lactation substantially increased food intake (p,0.01 to p,0.001). Circulating GIP was
unchanged during pregnancy, but non-fasting plasma glucose was significantly (p,0.01) decreased and insulin increased
(p,0.05). Lactation was associated with elevated circulating GIP concentrations (p,0.001) without change of glucose or
insulin. Oral glucose resulted in a significantly (p,0.001) decreased glycaemic excursion despite similar glucose-induced GIP
and insulin concentrations in lactating rats. Pregnant rats had a similar glycaemic excursion but exhibited significantly
lowered (p,0.05) GIP accompanied by elevated (p,0.001) insulin levels. Pregnant rats exhibited increased (p,0.001) islet
numbers and individual islet areas were enlarged (p,0.05). There were no significant differences in islet alpha-cell areas, but
all groups of rats displayed co-expression of glucagon and GIP in alpha-cells. Lactating rats exhibited significantly (p,0.01)
increased intestinal weight, whereas intestinal GIP stores were significantly (p,0.01) elevated only in pregnant rats. Gene
expression studies in lactating rats revealed prominent (p,0.01 to p,0.001) increases in mammary gland expression of
genes involved in energy turnover, including GIP-R. GIP was present in intestines and plasma of 17 day old foetal rats, with
substantially raised circulating concentrations in neonates throughout the period of lactation/suckling. These data indicate
that changes in the secretion and action of GIP play an important role in metabolic adaptations during pregnancy and
especially lactation.

Citation: Moffett RC, Irwin N, Francis JME, Flatt PR (2013) Alterations of Glucose-Dependent Insulinotropic Polypeptide and Expression of Genes Involved in
Mammary Gland and Adipose Tissue Lipid Metabolism during Pregnancy and Lactation. PLoS ONE 8(11): e78560. doi:10.1371/journal.pone.0078560

Editor: Christian Holscher, University of Lancaster, United Kingdom

Received July 17, 2013; Accepted September 20, 2013; Published November 13, 2013

Copyright: � 2013 Moffett et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: These studies were supported by the European Foundation for the Study of Diabetes and the Department of Education and Learning, Northern Ireland.
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: n.irwin@ulster.ac.uk

Introduction

Gastric inhibitory polypeptide (GIP) is a key incretin hormone

that regulates post-prandial glucose homeostasis [1]. Besides well

characterised nutrient-dependent insulinotropic effects, GIP has

actions outside of the pancreas [2], as evidenced through

widespread tissue GIP receptor expression [3]. Thus, GIP has

important regulatory effects on bone turnover, lipid metabolism

and energy regulation [4–7]. Once released into the blood stream

GIP exerts overall anabolic effects, favouring energy and nutrient

deposition [8,9]. Importantly, the secretion of GIP from intestinal

K-cells is tightly controlled by absorption of the digestion products

of carbohydrate, protein and particularly fat from the small

intestine [10].

Pregnancy and the transition to lactation are physiological states

where energy balance is subjected to major metabolic demands

[11]. Thus, nutritional requirements are greatly increased to

support the development of the foetus and the subsequent

nourishment of the new-born by milk production [12]. It is

reasoned that the accompanying hyperphagia should also increase

the function of the intestinal tract and the secretion and

subsequent action of gut related peptides [13]. Consistent with

this view, there is a large proliferation intestinal mass during

pregnancy and lactation [14]. Accompanying changes in the

biological actions of gut derived hormones, such as GIP, are likely

to play a key role in the metabolic adaptations imposed by

pregnancy and lactation. Despite this, alterations of intestinal K-

cell function and GIP secretion and action are not well

documented during pregnancy or lactation.

Glucose homeostasis and insulin sensitivity are modified in

pregnancy and lactation [15]. Pregnancy is associated with

insulin resistance and increased insulin demand whereas lactation

results in improved insulin action [16]. In this context, gut

derived peptides such as GIP, have well known effects on insulin

secretion and sensitivity, as well as body weight control and

adipose tissue metabolism [1,9,17,18]. Thus, GIP could also be

partly responsible for the altered glucose homeostasis, insulin

sensitivity and changes of energy metabolism observed during

pregnancy and lactation [15]. Moreover, during pregnancy

pancreatic beta-cells undergo major up-regulatory structural

and functional changes in response to the increased demand
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for insulin, including expansion of beta-cell mass [19]. Given that

GIP is an important growth and anti-apoptotic factor for beta-

cells [20,21], it may also play a role in the compensatory islet

response to pregnancy.

Therefore, the present study has investigated changes in GIP

synthesis and secretion in the context of metabolic adaptations that

occur during pregnancy and lactation. We have monitored

circulating GIP concentrations, intestinal tissue GIP stores as well

as pancreatic islet morphology and possible co-expression of GIP

in glucagon containing alpha-cells in pregnant and lactating

Wistar rats. Related effects on glucose homeostasis and insulin

secretion were also considered. In addition, we examined the

effects of pregnancy and lactation on the expression of genes

involved in energy turnover in both abdominal adipose and

mammary tissue. Finally, we have monitored circulating and

intestinal GIP in offspring during foetal and neonatal develop-

ment. The results suggest an important role of GIP in metabolic

adaptations during pregnancy and lactation.

Materials and Methods

Animals
Female, virgin, albino Wistar rats (15 weeks old) were obtained

from Harlan Ltd. UK. Animals were housed singly in an air-

conditioned room at 2262uC with a 12 h light:12 h dark cycle

(08:00–20:00 h). Drinking water and a standard rodent mainte-

nance diet (10% fat, 30% protein and 60% carbohydrate, Trouw

Nutrition, Cheshire, UK) were provided ad libitum. All animal

experiments were carried out in accordance with the UK Animals

(Scientific Procedures) Act 1986 and approved by the University of

Ulster Animal Ethics Review Committee. All necessary steps were

taken to ameliorate any potential animal suffering and animals

were sacrificed by lethal inhalation of CO2 followed by cervical

dislocation.

Experimental Protocols for in vivo studies
Groups of female rats were time-mated and caged individually.

Pregnancy proceeded without intervention until parturition, at

which point litter sizes were standardised to n = 10. Food intake,

body weight, non-fasting plasma glucose, insulin and GIP

concentrations were monitored at 4–7 day intervals. On day 21

of both pregnancy and lactation, an oral glucose tolerance

(3.2 g/kg body weight (51.2 kJ/kg)) and oral fat (1.38 g corn oil/

kg body weight (51.2 dkJ/kg)) challenge were performed in two

groups of rats following an 18 h fast. At the end of the study,

small intestines were excised, weighed and processed for

measurement of GIP following extraction with 5 ml/g of ice-

cold acid ethanol (750 ml ethanol, 235 ml water, 15 ml conc

HCl). In a separate series, small intestines were similarly

processed from foetal rats or neonates on days 10, 14, 17, 19,

20 and 21 of intrauterine life and days 1, 2, 3, 7, 10, 14, 17, 20,

22, 23, 25, 38 and 45 following birth.

Histology and immunostaining
For morphological analysis, at the end of respective studies,

pancreata were excised and fixed in 4% (w/v) paraformaldehyde/

PBS and embedded in paraffin. Slides (8 mm) were stained using

monoclonal mouse anti-insulin (1:500; Sigma-Aldrich, Poole, UK)

and Alexa Fluor 594 anti-mouse (1:400; Invitrogen, Paisley, UK)

antibodies. For fluorescence microscopy, highly specific polyclonal

guinea pig anti-glucagon (PCA2/4; 1:400 [22]) and polyclonal

rabbit anti-GIP (RIC34/111J; 1:400; courtesy of Professor Linda

Morgan, University of Surrey) antibodies were used together with

visualization using donkey anti-guinea pig Alexa Fluor 594 and

donkey anti-rabbit Alexa Fluor 488 (both from Invitrogen, Paisley,

UK), respectively. All analyses of sections were performed using

Image J software [23]. Approximately 60–70 random sections

were examined from the pancreas of each rat.

Biochemical analysis
Blood samples (,0.4 mL) taken from the cut tip of the tail of

conscious rats or by decapitation from foetal/neonatal rats at the

times indicated in the Figures and were immediately centrifuged

using a Beckman microcentrifuge (Beckman Instruments, UK) for

30 s at 13,000 g. The resulting plasma was aliquoted into fresh

Eppendorf tubes and stored at 220uC until analysis. Plasma

glucose was measured by an automated glucose oxidase procedure

using a Beckman Glucose Analyzer II. Plasma insulin was assayed

by a modified dextran-coated charcoal radioimmunoassay [24].

Plasma and tissue GIP were measured by radioimmunoassay using

rabbit anti-porcine GIP antiserum (RIC34/111J) as originally

described by Morgan et al. [25]. The antiserum reacts against the

C-terminus of GIP, thereby measuring ‘total’ GIP concentrations

[26]. A small amount of plasma could be obtained from foetal rats

Table 1. Primer sequences.

Gene Forward Reverse UPL Number

ESS-RA CCT GGT CTG TGG GGA TGT GGA CAG CTG TAC TCG ATG CTC 106

ESS-RB GCC CTT GCC AAC TCA GAT T TGG CTC AGC TCA TAG TCC TG 62

Prl-R CAG TGG CTT TGA AGG GCT AT TCC AGC AGA TGG GTA TCA AA 31

LPL GAA ATG ATG TGG CCA GGT TC TGG ACA TTG TCT AGG GGG TAG T 69

Fat-P GGA CCA CCG GAC TTC CTA AG GAA GGC TGC AAT GCG GTA 62

GLUT4 TGC AGT GCC TGA GTC TTC TTT CCA GTC ACT CGC TGC TGA 120

ACC-1 CAT CAC ATC GGT CCT GTG TC GCT GCA TGA CTA TCT AGG ATG TTG 20

GIP-R TGG TAT TTG CTC CCG TGA C AGC ACA CTC ACG AGG AAA CC 41

HSL CGA GCA CTG GAG GAG TGT TT TAT CCG CTC TCC GGT TGA 3

HSD-1 AAA CAG AGC AAT GGC AGC AT CAG AGG TTG GGT CAT TTT CC 25

GCG-R CCA GTG CCA CCA CAA CCT A AGT TCT GTT GCA GAC CAG CTC 74

UPL; Universal Probe Library.
doi:10.1371/journal.pone.0078560.t001
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from day 14 of gestation onwards, but only from day 17 onwards

was there sufficient for GIP assay.

Gene expression
At the end of pregnancy and lactation, mammary and

abdominal adipose tissue (n = 4) was excised and immediately

snap-frozen in liquid nitrogen and stored at 280uC before RNA

extraction for gene expression analysis. Briefly, total RNA was

isolated and purified using QIAzol lysis reagent (Qiagen, West

Sussex, UK) and RNA concentration determined from the

absorbance at 260 nm. First-strand cDNA was synthesised using

2 mg of total RNA at 42uC for 50 min in the presence of 0.5 mg

oligo dT(12–18) primer, 10 mM dNTP and 200 U Superscript II

reverse transcriptase (Invitrogen, Paisley, UK) in a final volume of

20 ml using a GeneStorm GS1 Thermal Cycler (Gene Technol-

ogies Ltd, Essex, UK). Genes were amplified using specific primers

for b-actin (reference gene), acetyl CoA carboxylase-1 (ACC-1),

oestrogen receptor A (ESS-RA), oestrogen receptor B (ESS-RB),

fatty-acid transport protein (Fat-P), glucagon receptor (GCG-R),

GIP receptor (GIP-R), glucose transporter type 4 (GLUT4), 11b-

hydroxysteroid dehydrogenase type 1 (HSD-1), hormone-sensitive

lipase (HSL), lipoprotein lipase (LPL) and prolactin receptor (Prl-

R). Primer sequences are shown in Table 1. The DNA-denaturing

step was carried out at 95uC for 5 min in a Roche LightCycler 1.5

carousel-based thermal cycler (Roche Diagnostics, West Sussex,

UK). cDNA amplification then commenced for 40 cycles with

95uC denaturation for 30 s, 58uC annealing for 30 s and 72uC
elongation for 30 s with SYBR green fluorescence being read after

each cycle and recorded by Roche LightCycler Software (Version

3.5) to construct an amplification curve. Gene expression was

calculated from 2DCt values normalised to Atcb control primer.

Age-matched normal female, virgin, albino Wistar rats were used

for comparative purposes.

Statistics
Results are expressed as mean 6 S.E.M. Data were compared

using ANOVA, followed by a Student-Newman-Keuls Post hoc

test. Area under the curve (AUC) analyses were calculated using

the trapezoidal rule with baseline subtraction. Comparisons with

p,0.05 were considered to be statistically significant.

Results

Effects of pregnancy and lactation on body weight, food
intake and non-fasting glucose, insulin and GIP levels

As shown in Figure 1, body weight of pregnant rats was

significantly (p,0.05 to p,0.001) increased from 13 days post

coitus until parturition on day 21, when compared to controls

(Figure 1A). Body weights of lactating rats then rapidly returned to

near control levels 3 days after parturition (day 24). However, on

days 12 and 16 of lactation there was a transient increase (p,0.05)

in body weight compared to control rats (Figure 1A). This

elevation of body weight in lactating rats was associated with

dramatic and significant (p,0.01 to p,0.001) increases in food

intake compared to control rats (Figure 1B). In addition, pregnant

rats also demonstrated significantly (p,0.05) increased food intake

on days 14 and 18 post coitus when compared to controls

(Figure 1B). Non-fasting plasma glucose levels of pregnant rats

were significantly decreased (p,0.01) compared to controls at

each time point tested (Figure 2A). In contrast, during the lactation

phase, plasma glucose levels were similar to control rats

(Figure 2A). In agreement with this, pregnant rats exhibited

significant (p,0.05) elevations of non-fasting plasma insulin levels

on day 13 and 21, that were returned to control levels following

parturition (Figure 2B). Interestingly, pregnancy was associated

with remarkably similar, whilst lactation induced significantly

elevated (p,0.05 to p,0.01), non-fasting circulating GIP levels

compared to control rats (Figure 2C). Calculation of non-fasting

glucose: insulin ratio revealed pregnant rats had significantly

(p,0.01) decreased values (1.0560.3) compared to lactating and

control rats (2.7260.4 and 3.0960.4; respectively), indicative of

impaired insulin sensitivity.

Effects of pregnancy and lactation on oral glucose
tolerance and glucose-stimulated plasma insulin and GIP
levels

Lactating rats had significantly (p,0.05) decreased plasma

glucose levels at 30 and 120 minutes post glucose administration

when compared to control rats. This was corroborated in the 0–

120 min AUC values with lactating rats having a significantly

(p,0.001) reduced overall glycaemic excursion compared to

control rats (Figure 3). However, individual and overall AUC

glucose-stimulated plasma insulin levels were not significantly

different when compared to control rats (Figure 3). Pregnant rats

exhibited significantly (p,0.01) decreased plasma glucose levels

and elevated plasma insulin levels prior to glucose administration

(Figure 3). However, pregnant rats displayed a similar overall

Figure 1. Effects of pregnancy and lactation on (a) body weight
and (b) food intake in Wistar rats. Parameters were measured for
21 days during pregnancy (indicated by open bar) and 21 days
subsequent to parturition (indicated by black bar). Values are means
6 SEM for 6 rats. * p,0.01, **p,0.01 and *** p,0.001 compared to
controls.
doi:10.1371/journal.pone.0078560.g001
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120 min glycaemic excursion compared to controls but markedly

(p,0.001) elevated overall glucose-induced insulin concentrations

(Figure 3). Individual GIP concentrations were not significantly

different between groups, however overall glucose-induced AUC

plasma GIP levels were significantly (p,0.05) decreased in

pregnant, but not lactating, rats when compared to controls

(Figure 3).

Effects of pregnancy and lactation on plasma glucose,
insulin and GIP levels after oral fat

Figure 4 depicts the effects of acute oral fat administration in

pregnant, lactating and control rats. Administration of oral fat

resulted in prominent and similar increases in GIP concentrations

in all groups (Figure 4). In addition, there was no significant effect

on overall plasma glucose or insulin levels in pregnant or lactating

rats when compared to controls (Figure 4). Plasma glucose levels

were significantly lower (p,0.05) and insulin levels higher

(p,0.01) pre-dosing in pregnant rats compared to controls, and

remained as such during the 120 min observation period

(Figure 4).

Effects of pregnancy and lactation on pancreatic
morphology

There was a significant increase (p,0.001) in islet number per

mm2 of pancreatic tissue in pregnant and lactating rats when

compared to controls (Figure 5A). In addition, islet number was

significantly greater (p,0.001) in pregnant as compared to

lactating rats (Figure 5A). In keeping with this, the percentage of

pancreas composed of islets was similarly increased (p,0.001) in

pregnant rats compared to both control and lactating rats

(Figure 5B). These changes were visualised in Figure 5C–E which

also confirms the absence of any morphological abnormalities in

the pancreas of pregnant or lactating rats compared to controls. As

suggested from Figure 5C–E, individual islet area was significantly

enlarged (p,0.05) in pregnant rats compared to control and

lactating rats (Figure 6A) and there was a tendency for increased

percentage of larger islets (.0.01 mm2) in pregnant and lactating

rats (Figure 6B). There was no significant difference in islet alpha-

cell area between groups (Figure 6C). Interestingly, further

evaluation alpha-cell morphology using antibodies highly specific

for glucagon and GIP revealed significant immunochemical

staining and co-expression of glucagon and GIP in the majority

of alpha-cells of all three groups of rats (Figure 6D–E;

representative images taken from lactating rats).

Effects of pregnancy and lactation on intestinal weight
and intestinal GIP

Intestinal wet weight was significantly (p,0.01) increased in

pregnant rats when compared to controls (Figure 7A). In addition,

lactating rats had significantly (p,0.01) increased intestinal weight

compared to pregnant rats (Figure 7A). However, intestinal GIP

content was significantly (p,0.01) elevated in pregnant, but not

lactating, rats when compared to controls (Figure 7B).

Effects of pregnancy and lactation on abdominal adipose
and mammary gene expression

The expression of ESS-RA and Prl-R were significantly

(p,0.001) increased in abdominal adipose tissue of pregnant rats

compared to controls, while lactation resulted in significantly

(p,0.001) reduced expression of these genes when compared to

pregnancy (Table 2). In addition, genes involved in lipolysis (HSL,

HSD-1 and GCG-R) also exhibited significantly (p,0.001)

increased expression in abdominal adipose tissue of pregnant rats,

whereas lactation again resulted in a significant (p,0.001)

decrease when compared to pregnant rats (Table 2). The

expression of key genes involved in lipogenesis (LPL, Fat-P,

GLUT4, ACC-1 and GIP-R) were not significantly altered in

abdominal adipose tissue of pregnant rats (Table 2). However,

lactation was associated with a significant (p,0.001) increase in

expression of ACC-1 in abdominal adipose tissue when compared

to both pregnant and control rats (Table 2). In mammary tissue,

the expression of genes for ESS-RA, Prl-R, Fat-P, GLUT4, ACC-

1, GIP-R, HSL, HSD-1 and GCG-R were significantly (p,0.01 to

p,0.001) elevated in lactating rats when compared to both control

and pregnant rats (Table 3). LPL was significantly (p,0.001)

elevated in pregnant and lactating rats compared to controls

(Table 3). In addition, pregnancy increased (p,0.001) the

Figure 2. Effects of pregnancy and lactation on non-fasting
plasma (a) glucose, (b) insulin and (c) GIP in Wistar rats.
Parameters were measured for 21 days during pregnancy (indicated by
open bar) and 21 days subsequent to parturition (indicated by black
bar). Values are means 6 SEM for 6 rats. * p,0.01 and ** p,0.01
compared to controls.
doi:10.1371/journal.pone.0078560.g002
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Figure 3. Effects of pregnancy and lactation on (a,b) glycaemic, (c,d) insulin and (e,f) GIP responses to oral glucose in Wistar rats.
Tests were conducted on days 21 and 42 in overnight fasted rats. Oral glucose (51.2 kJ/kg body weight) was administered at the time indicated by
the arrow. Plasma glucose, insulin and GIP AUC values for 0–120 min are also shown Values are means 6 SEM for 6 rats. * p,0.01, ** p,0.01 and
*** p,0.001 compared to controls. D p,0.05, DD p,0.01 and DDD p,0.001 compared to pregnant rats.
doi:10.1371/journal.pone.0078560.g003

Figure 4. Effects of pregnancy and lactation on (a,b) glycaemic, (c,d) insulin and (e,f) GIP responses to oral fat. Tests were conducted
on days 21 and 42 in overnight fasted rats. Oral fat (51.2 kJ/kg body weight) was administered at the time indicated by the arrow. Plasma glucose,
insulin and GIP AUC values for 0–120 min are also shown. Values are means 6 SEM for 6 rats. * p,0.01 and ** p,0.01 compared to controls.
D p,0.05 and DD p,0.01 compared to pregnant rats.
doi:10.1371/journal.pone.0078560.g004

GIP in Pregnancy and Lactation
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Figure 5. Effects of pregnancy and lactation on pancreatic islet (a) number, (b) density and (c–e) pancreatic morphology in Wistar
rats. Parameters were measured on days 21 and 42. (c–e) Images with immunofluorescent insulin staining are shown for (c) control, (d) pregnant
and (e) lactating rats, with islets indicated by the arrows. Values are means 6 SEM for 3–4 rat pancreata. *** p,0.001 compared to controls.
DDD p,0.001 compared to pregnant rats.
doi:10.1371/journal.pone.0078560.g005

Figure 6. Effects of pregnancy and lactation on pancreatic islet (a) area, (b) size distribution, (c) alpha-cell content and (d–f) specific
immunohistochemical staining for (d) GIP, (e) glucagon and (f) GIP and glucagon of pancreatic islets in Wistar rats. (a–c) Parameters
were measured on days 21 and 42. (d–f) Images are shown for lactating rats. Values are means 6 SEM for 3–4 rat pancreata. * p,0.05 compared to
controls.
doi:10.1371/journal.pone.0078560.g006

GIP in Pregnancy and Lactation
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expression of ESS-RA, LPL, Fat-P, GLUT4, GIP-R, HSD-1 and

GCG-R in mammary tissue of pregnant rats compared to controls

(Table 3).

Body weight, circulating glucose and insulin and plasma
and intestinal GIP in foetal and neonatal rats

As shown in Figure 8A&B, body and intestinal weights

increased progressively over the study period in foetal and

neonatal rats. Similarly, glucose levels increased during foetal life,

during suckling at the progression to weaning at 21 days

(Figure 8C). Notably, there was a rapid fall of plasma glucose at

birth due to cessation of placental nutrition plus marked elevation

of circulating insulin in the days preceding birth (Figure 8D).

Insulin levels remained low during suckling but increased on

introduction of solid food at 21 days. GIP was detectable in

plasma of foetuses at 17 days gestation and rose steadily prior to

birth (Figure 8E). Suckling was associated with markedly raised

GIP concentrations, which declined to values similar to adult rats

following weaning (Figure 8E). Total extractable intestinal GIP

increased steadily, broadly in line with intestinal weight (Figure 8F).

However, intestinal GIP content expressed as rmol/g wet weight

revealed a marked increase in GIP content in the period before

birth followed by a sharp decline during lactation, when

circulating GIP levels were high (Figure 8G).

Discussion

Despite hyperphagia, pregnant rats exhibited lowered non-

fasting glucose levels due to substantially raised plasma insulin

concentrations that were independent of changes in circulating

GIP. Similarly, glucose-stimulation of insulin, but not GIP,

secretion was elevated in pregnancy, helping to maintain normal

glucose tolerance despite coexistent insulin resistance [16]. The

enhanced prolactin signalling in adipocytes, highlighted through

increased prolactin receptor expression during pregnancy in the

current study, may contribute to the development of insulin

resistance [27]. Consistent with enhanced beta-cell functional

demand, numbers and size of islets were increased in pregnant,

compared to control and lactating, rats. Factors responsible for this

are poorly understood but have been suggested to include

prolactin, placental lactogens, progesterone and oestrogen [19].

Figure 7. Effects of pregnancy and lactation on intestinal
weight and GIP content in Wistar rats. Parameters were measured
on days 21 and 42. Values are means 6 SEM for 6 rats. ** p,0.01 and
*** p,0.001 compared to controls. DD p,0.01 compared to pregnant
rats.
doi:10.1371/journal.pone.0078560.g007

Table 2. Effects of pregnancy and lactation on gene
expression in abdominal adipose tissue.

Gene Control Pregnancy Lactation

Hormone receptors

ESS-RA 1.060.4 10.960.2 *** 0.160.1 ***,DDD

ESS-RB 1.060.5 1.860.1 1.661.1

Prl-R 1.061.4 100.461.0 *** 1.161.4 DDD

Lipogenesis

LPL 1.060.4 2.560.6 0.161.0

Fat-P 1.060.4 0.260.3 0.161.0

GLUT4 1.060.7 0.160.1 0.160.1

ACC-1 1.060.8 5.960.2 448.4610.3 ***,DDD

GIP-R 1.061.0 1.760.2 0.160.1

Lipolysis

HSL 1.060.8 456.764.9 *** 159.869.3 ***,DDD

HSD-1 1.060.4 4.660.2*** 0.160.1 DDD

GCG-R 1.060.8 24.761.8 *** 0.361.0 DDD

Values are means 6 SEM for 4 rats. *** p,0.001 compared to controls. DDD

p,0.001 compared to pregnant rats.
doi:10.1371/journal.pone.0078560.t002

Table 3. Effects of pregnancy and lactation on gene
expression in mammary tissue.

Gene Control Pregnancy Lactation

Hormone receptors

ESS-RA 1.060.3 268.565.0 *** 2.6361.2 ***,DDD

ESS-RB 1.060.3 0.160.1 0.160.1

Prl-R 1.0606 1.961.6 13.761.6 ***,DDD

Lipogenesis

LPL 1.060.4 121.764.5*** 175.362.6 ***

Fat-P 1.061.4 36.764.0 *** 67.564.1 ***,DDD

GLUT4 1.061.5 223.369.7 *** 18.462.5 ***,DDD

ACC-1 1.060.6 1.862.5 13.761.6 ***,DDD

GIP-R 1.060.3 4.860.5 *** 87.365.3 ***,DDD

Lipolysis

HSL 1.061.6 0.260.2 4.461.2 **,DDD

HSD-1 1.061.2 154.564.46 *** 453.567.4 ***,DDD

GCG-R 1.060.3 27.162.2 *** 247.568.0 ***,DDD

Values are means 6 SEM for 4 rats. ** p,0.01 and *** p,0.001 compared to
controls. DDD p,0.001 compared to pregnant rats.
doi:10.1371/journal.pone.0078560.t003

GIP in Pregnancy and Lactation
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Interestingly, it has recently been shown that proglucagon-derived

peptides, such as glucagon-like peptide-1 (GLP-1), are not required

for pregnancy-associated beta-cell proliferation [28]. Thus, the

present evidence that most alpha-cells co-expressed GIP as well as

glucagon is potentially interesting given well established effects of

GIP on beta-cell proliferation and survival [20,21]. Other studies

have also demonstrated islet expression of GIP and provided firm

evidence that GIP is synthesised and secreted by alpha-cells [29].

However, the role on intra-islet GIP is unclear and the present

results did not suggest any difference in the expression of GIP or

involvement in the altered islet morphology of pregnant, lactating

or control rats.

GIP is known to target adipose tissue and stimulate lipoprotein

lipase, lipogenesis, fatty acid and glucose uptake, insulin-induced

fatty acid incorporation whilst inhibiting glucagon and adrenergic

receptor mediated lipolysis [9,17,30]. GIP also inhibits adipose

tissue HSD-1 activity, which by decreasing local production of

cortisol, also suppresses lipolysis induced by HSL activation [31].

These and other studies on the cellular mechanisms of adipocyte

GIP action [8,9], point to an important role of GIP in energy

partition during lactation, presumably by increasing the availabil-

ity of nutrients for milk production. Indeed, circulating GIP

concentrations were substantially elevated in lactating, compared

with control or pregnant, rats. This was associated with dramatic

elevations in the expression of mammary tissue genes involved in

lipogenesis and lipolysis during lactation, including GIP-R, Fat-P,

GLUT4, ACC-1, HSL, HSD-1 and GCG-R. ESS-RA and Prl-R

gene expression were also enhanced which is notable since

activation of these receptors by circulating or locally produced

oestrogen or prolactin has been shown to inhibit lipolysis in

adipose tissue [27]. This would imply that basal circulating GIP, in

concert with various other factors, has important actions on energy

turnover in mammary tissue ensuring effective lipid production for

milk during lactation, as depicted in Figure 9. Notably, in

pregnancy the expression of genes for enzymes involved in the rate

limiting-steps of lipogenesis and lipolysis, namely ACC-1 and HSL

[32,33], were unchanged or decreased in mammary tissue. Thus,

the observed elevation in the expression of other lipogenic and

lipolytic genes in this tissue during pregnancy presumably reflects

adaptive responses during the gestational phase for pending

lactation. In contrast, expression levels of ACC-1 and HSL was

considerably increased in abdominal adipose tissue during

Figure 8. Effects of late foetal and neonatal life on (a) body and (b) intestinal weight, plasma (c) glucose, (d) insulin and (e) GIP, (f)
total extractable intestinal GIP and (g) intestinal GIP content per g wet weight in Wistar rats. (a–d) Parameters were measured at various
time points on days 10–21 of intrauterine life, 21 days during suckling and 21 days following weaning. (e–g) Parameters were measured at various
time points on days 17–21 of intrauterine life, 21 days during suckling and 21 days following weaning. The day of birth is indicated by time zero.
Values are means 6 SEM for 5–6 rats.
doi:10.1371/journal.pone.0078560.g008
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lactation, with concomitant reductions in the level of expression of

the other lipogenic and lipolytic genes studied. We presume that

this is another adaptive response in abdominal adipose tissue, in

order to reduce energy turnover and maintain the high energy

needs of mammary tissue for milk production.

Despite the prominent hyperphagia and increased circulating

GIP levels induced by lactation, intestinal GIP stores were not

significantly elevated on day 21 of lactation. This probably reflects

rapid turnover of cellular GIP from active K-cells, although other

metabolic adaptations cannot be ruled out as lactation terminates

[14]. Ironically, circulating GIP levels were normal in hyperphagic

pregnant rats but intestinal concentrations were markedly

elevated. Thus, pregnancy appears to be associated with tonic

inhibition of GIP secretion leading to enhanced intestinal GIP

storage, whereas lactation evokes markedly enhanced secretion of

GIP. These processes and their underlying mechanisms could

signify important metabolic adaptations during pregnancy and in

the transition to lactation.

Reports suggest that the increase of circulating GIP concentra-

tions as lactation progresses may not be entirely due to increased

food intake per se, but also reflects endocrine and metabolic

adaptations associated with lactogenesis [34]. Consistent with this

view circulating GIP was elevated during lactation and then fell

rapidly when milk secretion was terminated [14]. Our data in

pregnant and lactating rats clearly show dissociation between

hyperphagia and GIP concentrations. Thus, elevated concentra-

tions of GIP seem indicative of a specific role in lactation,

independent of normal anabolic and insulinotropic effects of GIP.

Furthermore, in the current study plasma insulin concentrations

correlated positively with plasma glucose levels, but not with GIP,

suggesting an important extrapancreatic effect of GIP during

lactation. As suggested above, it is likely that GIP has a function

related to partition of nutrients for milk production. Thus, the

largely gluco-regulatory hormone GIP [9], appears to have a key

role in determining energy provision during lactation.

Observations in the offspring of pregnant rats also support an

important role of GIP in foetal and neonatal development. Thus,

GIP was measurable in intestines and plasma of foetuses from

17 days of gestation, broadly similar to detection of GIP mRNA

and tissue GIP at 20 days [35,36]. However, most notable was the

marked and sustained elevation of plasma GIP in neonates from

birth to weaning at 21 days. This corresponds to the period of

suckling when fat content of milk can be expected to powerfully

stimulate GIP secretion which will in turn provide deposition of

triglyceride stores in adipose tissue. Interestingly, insulin concen-

trations remained low during suckling, but two prominent peaks

were observed immediately prior to birth and following consump-

tion of carbohydrate-rich diet on weaning. The former phenom-

enon is intriguing, being ascribed to transient release of a modified

form of insulin from foetal pancreas [37]. However, another more

recent explanation for increased insulin concentrations immedi-

ately prior to birth could be related to elevated levels of proinsulin

Figure 9. Simplified schematic depicting possible role of GIP-R and other key regulators in mammary and adipose tissue
metabolism. It is envisaged that GIP increases uptake of free fatty acids and glucose by stimulating LPL and GLUT4 expression, favouring
triglyceride formation. There is evidence that GIP also inhibits HSD-1 which, by limiting local cortisol production, restrains HSL and lipolysis. Other key
actions on lipolysis via HSL are mediated by GCG-R, ESS-RA, Prl-R and adrenergic receptors [17,30,31]. a2A-AdR, a2 adrenergic receptor; acetyl CoA
carboxylase-1, ACC-1; fatty-acid transport protein, Fat-P; glucagon receptor, GCG-R; GIP receptor, GIP-R; glucose transporter type 4, GLUT4; 11b-
hydroxysteroid dehydrogenase type 1, HSD-1; hormone-sensitive lipase, HSL; lipoprotein lipase, LPL; oestrogen receptor A, ESS-RA; oestrogen
receptor B, ESS-RB and prolactin receptor, Prl-R.
doi:10.1371/journal.pone.0078560.g009
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and 32–33 split proinsulin [38]. This is dissociated from any surge

of circulating GIP but may, together with interruption of placental

nutrition, contribute to the prominent dip of plasma glucose

observed around the time of birth [39].

In conclusion, this study has shown that pregnancy and the

transition to lactation are associated with important metabolic

adaptations including significant alterations in circulating GIP

concentrations and both mammary and adipose tissue gene

expression. Further studies are needed to delineate the extent to

which the observed effects are due specifically to alterations in GIP

receptor mediated effects. This might involve administration of

neutralising antibodies or GIP antagonist, but this type of

intervention in pregnant/lactating rats is difficult due to behav-

ioural modification and the likely abortion or loss of litters. In

addition, further investigation of the role of GIP in pregnancy and

lactation could be performed in rodents with genetic knockout of

the GIP receptor. Nonetheless, these data suggest a prominent role

of intestinal K-cells and GIP in metabolic adaptation in mammary

tissue and the partition of energy regulation during pregnancy,

and particularly in transition to lactation.
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