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Maternal dietary restriction is often associated with cardiovascular disease in offspring. The aim of this study was to investigate the effect of green
tea extract (GTE) intake during lactation on macrophage infiltration, and activation of adenosine monophosphate (AMP)-activated protein kinase
(AMPK) and serine-threonine kinase Akt (Akt) in the hearts of weanlings exposed to maternal dietary protein restriction. PregnantWistar rats were
fed control (C) or low-protein diets (LP) throughout gestation. Following delivery, the dams received a control or a GTE-containing control diet
during lactation: control diet during gestation and lactation (CC), low-protein diet during gestation and lactation (LPC), low-protein diet during
gestation and 0.12% GTE-containing low-protein diet during lactation (LPL), and low-protein diet during gestation and 0.24% GTE-containing
low-protein diet during lactation (LPH). The female offspring were sacrificed at day 22. Biochemical parameters in the plasma, macrophage
infiltration, degree of fibrosis and expression levels of AMPK and Akt were examined. The plasma insulin level increased in LPH compared with
LPC. Percentage of the fibrotic areas and the number of macrophages in LPC were higher than those in CC. Conversely, the fibrotic areas and the
macrophage number in LPH were smaller (21 and 56%, respectively) than those in LPC. The levels of phosphorylated AMPK in LPL and LPH,
and Akt in LPH were greater than those in LPC. In conclusion, maternal protein restriction may induce macrophage infiltration and the decrease
of insulin levels. However, GTE intake during lactation may suppress macrophage infiltration and restore insulin secretion function via
upregulation of AMPK and insulin signaling in weanlings.
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Introduction

Cardiovascular disease is the most common cause of human
morbidity and mortality. Although the clinical onset of cardio-
vascular disease is mainly acute, several studies have demonstrated
the onset of cardiovascular pathologies by limiting fetal and
neonatal growth through maternal nutrient restriction.1,2 Epide-
miological studies have shown that the association between low
birth weight and the risk of ischemic heart disease in adulthood is
mediated almost entirely by poor fetal growth.3,4 In addition,
fetuses with intrauterine growth restriction (IUGR) as infants
showed aortic wall thickening progression, condensation of the
elastic fibers, and infiltration of inflammatory cells, such as
macrophages and fibroblastoid cells.5 Larger cell sizes,
macrophage-mediated inflammation, and marked fibrosis were
observed in the pancreatic islets of adult rats with IUGR.6 The
number of alveolar macrophages in culture was reported to
increase in 90-day-old rat offspring exposed to dietary restrictions

during lactation.7 Thus, an association exists between maternal
malnutrition and inflammation in offspring.
Adenosine monophosphate (AMP)-activated protein kinase

(AMPK) is a serine/threonine protein kinase that plays a central
role in regulating cellular metabolism and energy balance.8

AMPK activation elicits various beneficial effects with a potential
to ameliorate defects associated with metabolic disorders includ-
ing obesity, type 2 diabetes and cardiac fibrosis.9,10 Furthermore,
the activation of AMPK may be associated with the suppression
of a pro-inflammatory environment in adipose tissues.11 High-fat
diet-induced obesity was reported to reduce cardiac glucose
metabolism and AMPK levels, which in turn was associated with
increased levels of macrophages in the heart.12 In mouse adipose
tissue, the activation of AMPK reduced macrophage inflamma-
tion and insulin resistance in obesity.13

Green tea contains polyphenolic compounds, such as
catechins, particularly (−)-epigallocatechin gallate (EGCG).
EGCG is involved in the activation of AMPK signaling in
cultured cells and in the liver of mice.14 EGCG has been
known to activate AMPK.15 In an in vivo study, EGCG
treatment ameliorated free fatty acid-induced peripheral
insulin resistance through activation of the AMPK pathway.16
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Moreover, EGCG has been reported to attenuate cardiac
hypertrophy and fibrosis in a model of pressure overload.17,18

Furthermore, continuous ingestion of green tea catechin from
an early age prevented the development of spontaneous stroke
in stroke-prone spontaneously hypertensive rats.19 In Japanese
adults, green tea consumption was associated with a reduced
risk of total stroke incidence, cerebral infarction and cerebral
hemorrhage.20 However, little is known about the effects
of green tea intake during lactation on glucose metabolism
and macrophage infiltration in the heart of young offspring
subjected to malnutrition.

Here, we aimed to investigate whether green tea extract
(GTE) intake during lactation could affect macrophage
infiltration via AMPK activation in the heart of weanling rats
from protein-restricted diet-fed dams during pregnancy and
lactation. In addition, we assessed whether GTE intake
modulated the levels of serine-threonine kinase Akt (Akt)
phosphorylation, which is one of the steps in insulin signaling.

Methods

Animals

This study was approved by the Animal Research Committee,
Aomori University of Health andWelfare, and all experimental
procedures were performed in accordance with the Guidelines
for Animal Experimentation of Aomori University of Health
and Welfare (Permission number; 13,007). Seven-week-old
virgin female Wistar rats were obtained from CLEA Japan Inc.
(Tokyo, Japan). They were maintained at a constant tempera-
ture of 23 ± 1°C under a 12-h light/dark cycle with ad libitum
access to a standard commercial laboratory diet (MF diet;
supplied by Oriental Yeast Co. Ltd., Tokyo, Japan), and tap
water. At 12–13 weeks of age, a vaginal impedance reader
(Model MK-10C; Muromachi Kikai Co. Ltd., Osaka, Japan)
was used to determine whether the female rats were in the
appropriate stage of the estrus cycle for mating, this assessment
was routinely performed in the afternoon. A reading of >3 kΩ
indicated that the female was in pro-estrus and presumably in
estrus. One appropriate female was mated with one male
overnight. The next morning, the presence of a vaginal plug
indicated successful mating; this day was taken as Day 0 of
gestation. Pregnant rats were randomly allowed ad libitum
access to a diet containing either 20% (control group: C,
n = 4) or 8% (low-protein group: LP, n = 12) casein during
gestation. Following delivery, dams, weighing 224–270 g,
received a control or a GTE-containing control diet during
lactation as follows: control diet during gestation and lactation
(CC, n = 4), low-protein diet during gestation and lactation
(LPC, n = 6); low-protein diet during gestation and 0.12%
GTE-containing low-protein diet during lactation (LPL,
n = 3), and low-protein diet during gestation and 0.24%
GTE-containing low-protein diet during lactation (LPH,
n = 3). The diets were isocaloric (Table 1). We administered
diets containing GTE during lactation with the intention of

delivering GTE to the newborn through the milk. The GTE,
polyphenon E, contained 80–98% total catechins by weight
(the main component was EGCG, composing ~65% of
the material and 0.4% caffeine) and was kindly supplied by
Mitsui-Norin Co. Ltd. (Shizuoka, Japan). In this study,
we administered diets containing 0.12 and 0.24% GTE
(polyphenon E), according to our previous study,21 no
observed adverse effect in dams and offspring was observed
during lactation when 0.12 and 0.24% GTE-containing diets
were used in the previous experiment. Although the ratio of
male to female was not 1 to 1, eight pups per dam were
randomly selected and housed together to ensure adequate
nutrition during lactation, and the pups were weighed at
postnatal day (PD) 4. At weaning (22-day-old), the female
pups were separated from the CC (n = 15), LPC (n = 13),
LPL (n = 8) and LPH (n = 12) groups and euthanized. The
male pups were used in another experiment. The female pups
were fasted overnight, weighed and blood samples were
collected under pentobarbital (30–40mg/kg, 1ml/kg, i.p.)
anesthesia. The hearts were removed immediately, rapidly
rinsed with ice-cold saline and weighed. Subsequently, hearts
were cut transversely close to the apex and fixed in 4% paraf-
ormaldehyde phosphate buffer solution for histopathology and
immunohistochemistry. A portion of each heart was frozen in
liquid nitrogen and stored at −80°C before evaluation.

Measurement of biochemical parameters in the plasma

Plasma samples were separated by centrifugation at 800× g for
10min at 4°C and tested for glucose and non-esterified fatty acids
using a commercially available kit (Wako Pure Chemical Indus-
tries Ltd., Osaka, Japan). Plasma levels of insulin were measured
using a Rat Insulin ELISA kit (TMB; AKRIN-010T, Shibayagi,
Gunma, Japan). According to the manufacturer’s instructions,
the detection limit of insulin is estimated to be 156 pg/ml.

Histopathology and Immunohistochemistry

For histological examination, paraformaldehyde-fixed heart tis-
sues were embedded in paraffin, and sections 4μm in thickness
were stained with hematoxylin-eosin (HE). To assess the degree
of fibrosis, staining of collagen fibrils was carried out using a Sirius
red/fast green collagen staining kit (Chondrex Inc., Redmond,
WA, USA). The area stained red by Sirius red was measured
using a color image analyzer (WinROOF, Mitani Corp., Tokyo,
Japan) in three randomly selected sections. The Sirius red-positive
area was normalized to the total cross-sectional area and expressed
as a percentage. Heart sections were stained for α-smooth muscle
actin (α-SMA) and macrophages. Briefly, deparaffinized sections
were heated in 1mmol/l ethylenediaminetetraacetic acid solution
pH 7.4 for 15min at 120°C for α-SMA and were pretreated with
0.1% pepsin solution in phosphate-buffered saline (PBS),
pH 7.4, for 15min at 37°C for macrophages. After pre-
incubation with 3% H2O2 for 10min at room temperature,
sections were incubated with 1.5% skim milk in PBS for
30min at room temperature. They were then incubated for
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14 h at 4°C with α-SMA (1:50, Dako, Glostrup, Denmark)
and ED1 antibodies (1:50, macrophages; AbD Serotec Ltd.,
Raleigh, NC, USA), which were diluted in PBS containing 1%
bovine serum albumin. Thereafter, the sections were incubated
with Histofine simple stain rat MAX PO detection reagent
(Nichirei Biosciences Inc., Tokyo, Japan) for 30min, and
positive reactions were visualized with 3,3'-diaminobenzidine
tetrahydrochloride in 50mmol/l Tris-HCl buffer, pH 7.4,
containing 3% H2O2. Sections were counterstained lightly
with hematoxylin. Cells showing a distinct immunoreaction for
ED1 were counted in 10 randomly selected areas (0.0625mm2

each) in sectioned hearts.

Western blot analysis

The hearts were homogenized in homogenizing buffer
[N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 50mmol/l,
NaCl 150mmol/l, dithiothreitol 1mmol/l, and 0.5% (v/v)
Tween-20; pH 7.4] containing protease inhibitor cocktail
tablets (Roche Applied Science, Indianapolis, IN, USA). The
homogenates were centrifuged at 5000× g for 45min at 4°C.
Supernatants were collected, and the protein concentration was
determined using the BCA™ Protein Assay Kit (Pierce,
Rockford, IL, USA). For Western blot analysis, the proteins
were electrophoresed on a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and subsequently electrotransferred onto
polyvinylidene difluoride membranes (GE Healthcare UK
Ltd., Buckinghamshire, UK). The membranes were then
blocked in 5% nonfat dry milk in Tris-buffered saline con-
taining 0.1% v/v Tween-20 (TBS-T) for 8 h and incubated
overnight at 4°C with rabbit AMPKα, phospho-AMPKα-
Thr172, Akt and phospho-Akt-Ser473 polyclonal antibodies
(1:1000; Cell Signaling Technology, Danvers, MA, USA) and
endothelial nitric oxide synthase (eNOS) monoclonal antibody

(1:1000; BD Tansduction Laboratories, San Jose, CA, USA).
After washing, the membranes were incubated with
the appropriate horseradish peroxidase-conjugated secondary
antibodies. Protein bands were visualized with ECL Western
Blotting Detection Reagents (GE Healthcare UK Ltd.) on
Hyperfilm (GE Healthcare UK Ltd.). Quantitative analysis of
specific band density was performed using ATTO densitometry
software (ATTO Corp., Tokyo, Japan). Protein levels were
normalized to those of β-actin from the same sample.

Statistical analysis

Statistical analysis was performed using one-way ANOVA
followed by the Tukey test. Comparisons between C and LP
groups were performed using the Student’s t-test. All values
are expressed as mean ± S.E.M. and P< 0.05 was considered
statistically significant.

Results

Body/heart weights and food intake

The body weights of the C and LP groups did not differ
significantly during pregnancy (Fig. 1a). The body weights of
the female pups were measured at PD 10, 15 and 20 (Fig. 1b).
The levels of maternal food intake of LP group per day during
gestation were significantly higher than that of C group [C,
12.8 ± 1.2 g v. LP, 15.1 ± 0.4 at day 1–3 of gestation (P< 0.05)
and 26.0 ± 1.3 v. 33.9 ± 1.6 g at day 20–21 (P< 0.05),
respectively] (CC, n = 4; LP, n = 12). The levels of maternal
food intake per day during lactation at PD 1–3 were 10.5 ± 1.6,
11.2 ± 0.5, 10.9 ± 0.9 and 13.2 ± 1.4 g in the CC, LPC, LPL
and LPH groups, respectively; at PD 15–17, they were
44.7 ± 3.7, 22.6 ± 1.3, 26.2 ± 0.3 and 28.3 ± 0.9, respectively;
and at PD 20–21, they were 43.9 ± 1.8, 28.1 ± 1.9, 26.8 ± 0.8

Table 1. Composition of the diets

Ingredients Control diet Low-protein diet 0.12% GTE-containing diet 0.24% GTE-containing diet

g/100 g of diet
Casein 20.000 8.000 8.000 8.000
L-cystine 0.300 0.300 0.300 0.300
Cornstarch 39.749 51.749 51.749 51.749
α-Cornstarch 13.200 13.200 13.200 13.200
Sucrose 10.000 10.000 10.000 10.000
Soybean oil 7.000 7.000 7.000 7.000
Cellulose 5.000 5.000 4.880 4.760
Mineral mixturea 3.500 3.500 3.500 3.500
Vitamin mixtureb 1.000 1.000 1.000 1.000
Choline chlorhydrate 0.250 0.250 0.250 0.250
tert-Butylhydroquinone 0.001 0.001 0.001 0.001
GTE – – 0.120 0.240

GTE, green tea extract (polyphenon E).
aAIN-93G mineral mixture.
bAIN-93G vitamin mixture (Oriental Yeast Co. Ltd., Tokyo, Japan).
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and 31.0 ± 1.4 g, respectively (CC, n = 4; LPC, n = 6; LPL,
n = 3; LPH, n = 3 during lactation). Although there was no
significant difference in the food intake levels among the four
groups at PD 1–3, the levels of food intake of LPC, LPL and
LPH groups were significantly lower than that of the CC group
at PD 15–17 and PD 20–21 (P< 0.05). The absolute weights
of hearts in the LPC, LPL and LPH offspring were lower than
those in the CC offspring, although there were no significant
differences among the three LP groups (Table 2). The relative
weights of hearts in the LPC and LPL groups at PD 22 were
significantly higher than those in the CC group (Table 2).
Conversely, the relative weights in the LPH group were
significantly lower than that in LPC and LPL groups.

Plasma parameters of offspring

Although there were no significant differences in plasma
glucose levels between the CC and LPC groups at PD 22
(P = 0.072), the glucose level of the LPH group was sig-
nificantly lower than that of the LPC offspring. A significantly
lower level of plasma insulin was found in the LPC group

compared with the CC group (Fig. 2). Conversely, the insulin
level in the LPH group increased significantly compared
with LPC group animals, indicating that GTE intake during
lactation restored decreased insulin levels observed in the LPC
offspring. There were no significant differences in the levels of
non-esterified fatty acids among any of the four groups.

Effect of GTE diet during lactation on Sirius red-positive
and α-SMA-positive areas, and ED1-positive macrophages
in the hearts of offspring

Representative Sirius red stains of heart sections from offspring
are shown in Fig. 3a–3c. The area that comprised interstitial
collagen fibers in the hearts of the LPC group was expanded
compared with the CC group. In contrast, the extent and
magnitude of the expansion was reduced in the LPH group.
The percentage of fibrous area per total cross-sectional area
significantly increased in the hearts of the LPC group compared
with controls (Fig. 3g). In the LPL and LPH groups from dams
treated with the GTE diet during lactation, the percentage of
the fibrotic areas was significantly lower than in the LPC group.

Fig. 1. Effect of green tea extract (GTE) intake on body weights of dams during the gestation period (a) and female offspring during the
lactation period (b). C, control group; LP, low-protein group; CC, control diet during gestation and lactation; LPC, low-protein diet during
gestation and lactation; LPL, 0.12% GTE-containing low-protein diet during gestation and lactation; LPH, 0.24% GTE-containing low-
protein diet during gestation and lactation. Data are presented as mean ± S.E.M. (C; n = 4, LP; n = 12 during gestation, CC, n = 4; LPC,
n = 6; LPL, n = 3; LPH, n = 3 during lactation). *P< 0.05 compared with CC.

Table 2. Morphological characteristics of female offspring

Low-protein diets

CC LPC LPL LPH

BWa (g) 40.4 ± 1.9 22.0 ± 1.2* 20.9 ± 1.5* 24.3 ± 1.0*
Heart (g) 0.184 ± 0.007 0.118 ± 0.006* 0.114 ± 0.006* 0.114 ± 0.004*
H/BW (g/kg) 4.62 ± 0.11 5.36 ± 0.11* 5.51 ± 0.22* 4.72 ± 0.10#,†

GTE, green tea extract (polyphenon E); BW, body weight; H, heart. CC, control diet during gestation and lactation; LPC,
low-protein diet during gestation and lactation; LPL, low-protein diet during gestation and lactation, and 0.12% GTE-
containing low-protein diet; LPH, low-protein diet during gestation and lactation, and 0.24% GTE-containing
low-protein diet.
aAt sacrifice at postnatal day 22. Values are means ± S.E.M. (CC, n = 15; LPC, n = 13; LPL, n = 8; LPH, n = 12).
*P< 0.05 compared with CC. #P< 0.05 compared with LPC. †P< 0.05 compared with LPL.
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In immunohistochemical analyses, stronger α-SMA-
immunoreactivity in the LPC group was clearly seen in the
smooth muscle of the blood vessels and interstitial cells compared
with the CC group (Fig. 3d–3f). In the LPH group, positive areas
were observed weakly compared with the LPC group.

Immunohistochemical analysis revealed that ED1-positive
macrophages were present in the heart in all groups
(Fig. 4a–4c). The number of ED1-positive macrophages in the
hearts of the LPC group was significantly higher than that of
the CC group (Fig. 4d). Conversely, the number of macro-
phages in the LPL and LPH groups was significantly less than
that in the LPC group, indicating that the GTE diet during
lactation suppressed the infiltration of macrophages in the
hearts of offspring.

Effect of the GTE diet on phosphorylated Akt levels

Because Akt phosphorylation is one of the steps in insulin sig-
naling,22 Akt expression and phosphorylation levels in the heart
were determined. The total amount of Akt protein in the heart

did not change in any group (Fig. 5a). The difference in the
amount of phosphorylated Akt was not statistically significant
between the CC and LPC groups. Akt phosphorylation in LPH
offspring was significantly higher than that in LPC offspring
and in CC offspring, as shown in Fig. 5a, indicating that GTE
intake during lactation upregulated Akt signaling.

Effect of GTE diet on AMPK phosphorylation and
eNOS levels

Because the activation of AMPK is associated with the sup-
pression of cardiac hypertrophy,23 the levels of total and
phosphorylated AMPK in the heart were examined using
Western blotting. The total amount of AMPK protein in the
heart was not altered in any of the experimental groups
(Fig. 5b). In contrast, the amount of phosphorylated AMPK in
the hearts of offspring from the dams treated with 0.12 or
0.24% GTE diets during lactation were both 2.5-fold greater
than that in LPC offspring (Fig. 5b). There were no significant
differences in the levels of phosphorylated AMPK between the
CC and LPC groups. The results indicated that the GTE diet
during lactation increased the activity of AMPK in the heart.
AMPK phosphorylation is associated with an increase in the

expression and activity of eNOS.24 Here, the difference in the
levels of eNOS expression was not statistically significant
between the CC and LPC groups (Fig. 5c). Conversely, the
eNOS levels in the LPH offspring were significantly higher
than those in the LPC offspring.

Discussion

Maternal undernutrition and dietary protein restriction
throughout pregnancy and lactation are thought to have
metabolic consequences for offspring, such as obesity, diabetes
and cardiovascular disease. In adult rats with IUGR, inflam-
mation with macrophages and marked fibrosis was reported in
pancreatic islets.6 The beneficial effects of green tea on the
prevention of human diseases, such as cardiovascular disease
and type 2 diabetes, have been widely studied.25 However,
there is limited information about whether green tea intake
during lactation could affect plasma insulin levels, macrophage
infiltration and AMPK or Akt expression and/or phosphoryla-
tion in the hearts of weanling rats exposed to maternal dietary
restriction. The main findings of this study were that (a) the
number of macrophages in the LPH group was significantly
lower than that in the LPC group, (b) the levels of plasma
insulin and Akt phosphorylation were upregulated in the LPH
group, and (c) AMPK phosphorylation and eNOS protein
expression were upregulated in the hearts of female weanling
rats from dams exposed to protein restriction throughout
gestation and lactation.
Here, we found that the relative heart weights in the LPC

group were significantly higher than those in the CC group,
although the number of dams may be small (CC, n = 4; LPC,
n = 6; LPL, n = 3; LPH, n = 3 during lactation). There was

Fig. 2. Plasma parameters of 22-day-old weanling rats. CC, control
diet during gestation and lactation; LPC, low-protein diet during
gestation and lactation; LPL, 0.12% GTE-containing low-protein
diet during gestation and lactation; LPH, 0.24% GTE-containing
low-protein diet during gestation and lactation. Data are presented
as mean ± S.E.M. (CC, n = 14; LPC, n = 13; LPL, n = 8; LPH,
n = 12). *P< 0.05 compared with CC. #P< 0.05 compared
with LPC.
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a similar report that the heart volume to body weight ratio was
elevated in 4-week-old offspring from dams fed a low-protein
diet (8.7% casein) during pregnancy and lactation.26

Conversely, in the LPH group, lower relative heart weights
were observed compared with the LPC group, suggesting that
maternal GTE intake during lactation may moderate the
progression of cardiac hypertrophy.

We demonstrated in this study that the percentage of the
Sirius red-stained fibrous area and ED1-positive macrophage
numbers in the heart of the LPH group were significantly lower
than those in the LPC group. Previous studies reported that
EGCG treatment inhibited peritoneal fibrosis and cardiac
fibroblasts in rats with cardiac hypertrophy.27,28 In cardiac
muscle, α-SMA is a known marker of cardiac hypertrophy.29

We also confirmed stronger α-SMA-immunoreactivity in the
vascular smooth muscle and interstitial cells of the LPC group
compared with CC group. In the pancreas of rats on a high-fat
diet, EGCG prevented inflammation by reducing macrophage
infiltration.30 In addition, EGCG suppressed increased mac-
rophage infiltration in aortic tissues in high-fat diet-induced
mice and in rats with hepatic steatosis.31,32 Therefore, it is
likely that GTE intake during lactation suppressed the
increased fibrous area and macrophage infiltration in the hearts
of 22-day-old female offspring exposed to maternal protein
restriction.
In this study, a significantly lower level of plasma insulin

was found in the LPC group than that in the CC group; this
concurs with several studies that have reported the impairment

Fig. 3. Effects of green tea extract (GTE) intake during the lactation on fibrotic areas stained by Sirius red stain (a–c) and α-smooth muscle
actin (α-SMA) positive cells (d–f) in the hearts of 22-day-old weanling rats. (a, d): CC, (b, e): LPC, and (c, f): LPH. (g): Sirius red-positive area
was normalized to the total cross-sectional area and was expressed as a percentage (scale bar: 5 μm for all images for Sirius red-positive area,
10 μm for all images for α-SMA-positive area). CC, control diet during gestation and lactation; LPC, low-protein diet during gestation and
lactation; LPL, 0.12% GTE-containing low-protein diet during gestation and lactation; LPH, 0.24% GTE-containing low-protein diet during
gestation and lactation. Data are presented as mean ± S.E.M. (CC, n = 13; LPC, n = 12; LPL, n = 7; LPH, n = 11). *P< 0.05 compared with
CC. #P< 0.05 compared with LPC.
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of pancreatic islet function in adulthood of offspring subjected
to protein restriction during gestation and lactation.33,34

Conversely, the LPH offspring showed higher plasma insulin
levels than the LPC offspring. Although we did not examine
the impairment of pancreatic islet function in this study, our
results suggest that GTE intake during lactation may restore
the insulin secretion function in the pancreatic islets of

weanling rats. In addition, we showed that the plasma glucose
levels in the LPH female offspring decreased compared with the
LPC offspring. Green tea polyphenols has been reported to
enhance glycogen synthesis by two-fold compared with insulin
alone in a liver cell line,35 suggesting that GTE intake during
lactation may decrease plasma glucose levels through
enhancement of glycogen synthesis in the liver. As shown in

Fig. 4. Effect of green tea extract (GTE) intake during the lactation on the ED1-positive macrophages infiltration in the hearts of 22-day-old
weanling rats. (a): CC, (b): LPC, and (c): LPH. (d): The number of ED1-positive macrophages was counted in 10 randomly selected regions of
sections. Sections were counterstained lightly with hematoxylin (scale bar: 5 μm for all images). CC, control diet during gestation and lactation;
LPC, low-protein diet during gestation and lactation; LPL, 0.12% GTE-containing low-protein diet during gestation and lactation; LPH,
0.24% GTE-containing low-protein diet during gestation and lactation. Data are presented as mean ± S.E.M. (CC, n = 12; LPC, n = 10; LPL,
n = 7; LPH, n = 11). *P< 0.05 compared with CC. #P< 0.05 compared with LPC.

Fig. 5. Effect of green tea extract (GTE) intake during the lactation on (a) Akt, (b) AMPK, and (c) eNOS expression in the hearts of 22-day-
old weanling rats. Protein levels were quantified as fold values of control levels after adjusting for endogenous β-actin. CC, control diet during
gestation and lactation; LPC, low-protein diet during gestation and lactation; LPL, 0.12% GTE-containing low-protein diet during gestation
and lactation; LPH, 0.24% GTE-containing low-protein diet during gestation and lactation. Data are presented as mean ± S.E.M. (CC, n = 12;
LPC, n = 12; LPL, n = 7; LPH, n = 11). *P< 0.05 compared with CC. #P< 0.05 compared with LPC. †P< 0.05 compared with LPL.
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Fig. 5a, we demonstrated the upregulation of Akt phosphor-
ylation in the heart of weanling rats from 0.24% GTE
containing diet-fed dams. Akt is the main target of phosphati-
dyl inositol-3-kinase (PI3K), and the PI3K/Akt signaling
pathway plays an important role in the metabolic effects of
insulin and glucose.22 In addition, EGCG enhanced the
phosphorylation of Akt in myocardial ischemia/reperfusion
injuries, suggesting that EGCG may have cardioprotective
effects.36 Therefore, we hypothesize that GTE intake during
lactation may improve glucose metabolism in the heart by
restoring the insulin signaling pathway.

The reason for the reduction of the infiltrated macrophage
numbers and fibrosis areas in the heart of weanling rats from
dams treated with GTE during lactation remains unclear.
However, this phenomenon could be interpreted to mean that
GTE during lactation is associated with AMPK activation in
the heart. AMPK activation is known to exert anti-
inflammatory effects in a variety of cell types and models of
inflammatory/autoimmune disease.37 Ko et al.12 reported that
diet-induced obesity reduced cardiac glucose metabolism and
AMPK levels, and that this was associated with increased levels
of macrophages in the heart. In addition, EGCG prevented
inflammation by reducing macrophage infiltration in the
pancreas of rats fed a high-fat diet and in hepatic steatosis in
rats.30,32 Green tea polyphenols supplementation attenuated
lipopolysaccharide-induced myocardial fibrosis in vessels,
tumor necrosis factor-α messenger RNA (mRNA) expression,
and leukocytes in female rats.38 Moreover, dietary quercetin, a
flavonoid, suppressed adipose tissue macrophage infiltration
and inflammation through upregulated AMPK phosphoryla-
tion in high-fat diet-fed mice.39 Therefore, we hypothesize that
GTE during lactation may play a role in reduction of macro-
phage infiltration through the upregulated AMPK activity that
we observed in this study, leading to the suppression of
extended fibrosis area formation in the heart.

AMPK phosphorylation is associated with the upregulation of
expression and activity of eNOS.24 Wang et al.40 reported that
activation of AMPK and eNOS, via pre-treatment with the
AMPK activator metformin, improved cardiac function in a heart
failure rat model. We found increased eNOS protein expression
in the hearts of the LPH group. In human endothelial cell lines,
EGCG treatment enhanced eNOS mRNA production and
facilitated nitric oxide (NO) levels.41 EGCG was reported to
exert cardioprotective actions through induction of NO produc-
tion.27 In addition, Akt has been shown to phosphorylate eNOS
and activate the enzyme, leading to NO production.42 Further-
more, the activation of eNOS was increased through activation
of the PI3K/Akt signaling pathway in human umbilical vein
endothelial cells treated with α-lipoic acid.43 We also showed the
upregulation of Akt phosphorylation in the heart of weanling rats.
Although we did not measure the amount of NO, it is possible
that GTE during lactation may increase NO production through
the activation of AMPK and/or PI3K/Akt signaling in the
heart of weanling rats from dams exposed to protein restriction
throughout gestation and lactation.

This study did have some limitations. First, although the
main component of GTE was EGCG (composing ~65%),
the GTE preparation is a crude extract and the component(s)
have not been isolated. Second, because we did not examine the
levels of the component(s) in the milk or in the pup plasma, it is
not known if such component(s) could be passed onto the
neonate through milk. Third, many animal models of devel-
opmental programming have shown the disparity between
males and females in the timing of onset and severity of disease
outcomes.44–46 Although we reported the effects of GTE intake
during lactation on the cardiac macrophage infiltration and
AMPK phosphorylation in female weanling rats in this study,
we did not examine the effects in male weanling rats.
In conclusion, we demonstrated that GTE intake during

lactation inhibited the macrophage infiltration, and upregu-
lated AMPK and Akt activation in the heart, and that GTE
intake increased the plasma levels of insulin of 22-day-old
female weanling rats from protein-restricted dams throughout
gestation and lactation. Although further studies are required to
elucidate the precise underlying mechanisms, the current
findings are useful for better understanding the effects of
maternal GTE intake during lactation on the attenuation of
cardiovascular diseases in offspring programmed with maternal
dietary protein restriction.
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