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Abstract

Quercetin, a naturally occurring flavonoid, has been reported to possess numerous biological activities including activation of adenosine-5’-monophosphate-
activated protein kinase (AMPK). We investigated the effects of quercetin intake during lactation on the AMPK activation in the livers of adult offspring
programmed by maternal protein restriction during gestation. Pregnant Wistar rats were fed control and low-protein diets during gestation. Following delivery,
each dam received a control or 0.2% quercetin-containing control diet during lactation as follows: control on control (CC), control on restricted (LPC) and 0.2%
quercetin-containing control on restricted (LPQ). At weaning (week 3), some of the pups from each dam were killed, and the remaining pups (CC, n=38; LPC,
n=10; LPQ, n=13) continued to receive a standard laboratory diet and were killed at week 23. Blood chemistry and phosphorylation levels of AMPKc, acetyl-
CoA carboxylase (ACC), endothelial nitric oxide synthase (eNOS) and mammalian target of rapamycin (mTOR) in the livers of male offspring were examined. At
week 3, the level of phosphorylated AMPK protein in LPQ increased about 1.5- and 2.1-fold compared with LPC and CC, respectively, and the level in LPQ at week
23 increased about 1.9- and 2.9-fold, respectively. A significant increase in phosphorylated ACC and eNOS levels was found in LPQ. There was no significant
difference among the three groups in the level of phosphorylated mTOR protein. In conclusion, quercetin intake during lactation up-regulates AMPK activation in

the adult offspring of protein-restricted dams and modulates the AMPK pathway in the liver.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Fetal and neonatal environments are important determinants of
disease risk in adult life. Epidemiological and experimental studies
indicate a relationship between the periconceptional, fetal and early
infant phases of life and the subsequent development of diseases as an
adult [1]. For instance, maternal low-protein diets are early-life
inducers of glucose intolerance, hypertension, renal disease and
obesity [2-4].

Adenosine 5’-monophosphate (AMP)-activated protein kinase
(AMPK) is a serine/threonine protein kinase that plays a central
role in regulating cellular metabolism and energy balance. It is
activated under conditions of nutrient deprivation and exercise. For
instance, AMPK inhibits the activity of acetyl-CoA carboxylase
(ACC) by direct phosphorylation and leads to a blockage of fatty
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acid synthesis [5,6]. In addition, AMPK phosphorylates and
activates endothelial nitric oxide synthase (eNOS) in endothelial
cells [7,8]. Nitric oxide (NO) is an important molecule that
functions as an endogenous vasodilator and plays a role in liver
regeneration [9-11]. Thus, the AMPK pathway is the focus in
studies on diabetes, obesity and heart diseases.

Quercetin is one of the most ubiquitous flavonoids and possesses
various physiological functions. Several studies have reported that
quercetin activated AMPK in cultured cells and animals [12-14]. In
addition, quercetin increased the phosphorylation of AMPK and
down-regulation of ACC in Hela cells [15]. Moreover, quercetin
increased the phosphorylation of eNOS and NO production in cultured
endothelial cells [16] and enhanced eNOS activity in the aorta in a
model rat of experimental hypertension [17]. However, little is
known about the effects of quercetin intake during lactation on the
AMPK pathway in the livers of adult offspring programmed by
maternal protein restriction.

The present study was designed to evaluate whether quercetin
intake during lactation affects the expression and activity of AMPK in
the livers of adult offspring of dams exposed to protein restriction
during gestation and whether quercetin intake modulates the AMPK
pathway in hepatic metabolic responses in the adult offspring.
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2. Methods and materials
2.1. Animals

All procedures were performed in accordance with the Guidelines for Animal
Experimentation of the Aomori University of Health and Welfare. Virgin female Wistar
rats aged 5-7 weeks and weighing 158-230 g were obtained from Charles River
Laboratories Japan, Inc. (Yokohama, Japan). They were maintained at a temperature of
23°C41°C under a 12-h light-dark cycle and had access to food and tap water ad
libitum until 11 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, as described previously [18]. This was
routinely performed in the afternoons, and a reading of >3 k() indicated that the female
was in proestrus 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. As shown in Fig. 1, pregnant
rats were randomly allocated to feed ad libitum on a diet containing either 20% (control
group: C,n=3) or 8% (low-protein group: LP, n=9) casein during gestation. Following
delivery, each dam received a control or 0.2% quercetin-containing control diet during
lactation as follows: control on control (CC, n=3), control on restricted (LPC, n=4) or
0.2% quercetin-containing control on restricted (LPQ, n=>5). The diets were isocaloric,
as described in Table 1. The mean human intake of quercetin in the habitual diet
typically varies from <5 mg to 40 mg, but daily levels as high as 200-500 mg may be
attained by heavy consumers of fruits and vegetables [19]. In addition, male rats fed
diet containing 0.2% quercetin for 64 weeks showed no tissue lesions [20]. From these
reports, we decided to administer a diet containing 0.2% quercetin, which was
equivalent to 80-110 mg/day, at postnatal days 10-22 in our preliminary reproductive
experiment. The pups were weighed at postnatal day 4 (PD 4) and kept with six male
pups to ensure adequate nutrition during lactation. At weaning, some of the pups were
separated from the CC (n=38), LPC (n=10) and LPQ (n=13) groups and killed. The
animals were weighed, and blood samples were collected under anesthesia. The liver,
kidney and heart were immediately removed and weighed. The remaining pups (CC,
n=38; LPC, n=10; LPQ, n=13) continued to receive a standard commercial laboratory
diet (MF diet; Oriental Yeast, Tokyo, Japan) and were weighed. At postnatal week 22,
24-h urine samples were collected using metabolic cages. Before sacrificing at week 23,
the animals were fasted overnight and then weighed, after which blood samples were
collected. Under ether anesthesia, the liver, kidney and heart were immediately
removed and weighed. The livers of all offspring were stored at —80°C for the
evaluation of mRNA and protein expression.

2.2. Blood chemistry

Plasma samples were separated by centrifugation at 800g for 10 min at 4°C and
tested for glucose (Glc), triglyceride (Tg), total cholesterol (T-Cho), blood urea nitrogen
(BUN) and albumin (Alb) using an autoanalyzer for blood chemistry (Fuji Dry-Chem
3500V; Fuji Film, Tokyo, Japan). Insulin was measured using a rat insulin enzyme-
linked immunosorbent assay (ELISA) Kit (TMB; AKRIN-010T, Shibayagi, Gunma,
Japan). Adiponectin was determined using a mouse/rat high-molecular-weight
adiponectin ELISA kit (Shibayagi, Gunma, Japan).
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Table 1
Composition of the diets

Ingredient Control diet ~ Low-protein diet ~ Quercetin-containing
control diet
g/100 g of diet
Casein 20.000 8.000 20.000
L-Cystine 0.300 0.123 0.300
Cornstarch 39.749 48.826 39.749
a-Corn starch 13.200 16.300 13.200
Sucrose 10.000 10.000 10.000
Soybean oil 7.000 7.000 7.000
Cellulose 5.000 5.000 4.800
Mineral mixture® 3.500 3.500 3.500
Vitamin mixture® 1.000 1.000 1.000
Choline chlorhydrate 0.250 0.250 0.250
tert-Butylhydroquinone  0.001 0.001 0.001
Quercetin - - 0.200

2 AIN-93G mineral mixture (Oriental Yeast, Tokyo, Japan).
b AIN-93G vitamin mixture (Oriental Yeast.)

2.3. Nitrate/nitrite (NOx) content in 24-h urine samples

The NOx content in the 24-h urine samples was measured using the Griess method
with the NO,/NO3 Assay Kit-C II (Dojindo Laboratories, Kumamoto, Japan). Samples
were read at 540 nm with a microplate reader (Model 680; Bio-Rad Laboratories Inc.,
Hercules, CA, USA).

2.4. Tg analysis in the liver

A total of 100 mg of frozen liver tissue per animal was weighed and homogenized in
a4-ml chloroform-methanol mix (2:1, vol/vol) using a tissue homogenizer. Then, 1 ml
of 50 mM NaCl was added to the homogenate and mixed for 1 min, and the ternary
phase was separated by centrifugation (1500g, 5 min). The organic solvent (100 ul) was
resuspended in 20 pl isopropanol containing 1% Triton X-100 and dried. Tg was
measured spectrophotometrically using enzymatic assay kits from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

2.5. Western blot analysis

The livers were homogenized in homogenizing buffer [50 mM N-2-hydroxyethyl-
piperazine-N-2-ethanesulphonic acid, 150 mM NaCl, 1 mM dithiothreitol 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 5000g for 45 min
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 10% sodium dodecyl sulfate-polyacrylamide gel and
then electrotransferred onto polyvinylidene difluoride membranes (GE Healthcare UK
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Fig. 1. Experimental design. Pregnant Wistar rats were fed control (20% casein) and low-protein (8% casein) diets during gestation. During lactation, each dam received a control or

0.2% quercetin-containing control diet.
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Table 2
Morphological characteristics of the offspring
Group Week 3 Week 23

CC LPC LPQ CC LPC LPQ
BW (g) 65.442.8 65.24+1.6 62.9+1.2 675412 626+11° 690+£15"
Liver (g) 2.7240.13 2.664-0.08 2.4740.07 16.4+0.8 15.8+0.6 16.8+0.5
Kidney (g) 0.69+0.03 0.63+£0.02 0.5940.01° 3.4340.11 3.21+£0.12 3.3640.09
Heart (g) 0.2940.01 0.2940.01 0.2840.01 1.4640.03 1.36+£0.05 1.4240.03
L/BW (g/kg) 41.640.7 40.84+0.6 39.2+0.6* 24441.1 25.240.8 243406
K/BW (g/kg) 10.54+0.33 9.73+£0.22° 9.4540.12° 5.1040.18 5.1240.16 4.88+0.15
H/BW (g/kg) 4.49+0.09 4.38+0.08 4.38+0.06 2.174+0.06 2.17+0.07 2.0740.04

¥ At sacrifice. Values are means+S.E. (n==8-13). BW, body weight; L, liver; K, kidney; H, heart.

¢ P<.05 compared with CC.
b p<.05 compared with LPC.

Ltd., Buckinghamshire, UK). The membranes were then blocked in 5% nonfat dry milk in
Tris-buffered saline containing 0.1% v/v Tween 20 (TBS-T) for 8 h, followed by
incubation overnight at 4°C with rabbit AMPKx, phospho-AMPKa-Thr!72, phospho-
eNOS-Ser'!”” and phospho-mammalian target of rapamycin (mTOR)-Ser?44® polyclonal
antibody (1:1000; Cell Signaling Technology, Danvers, MA, USA); rabbit phospho-ACC-
Ser’® (1:500; Millipore Corp., Billerica, MA, USA); and mouse eNOS monoclonal
antibody (1:500; BD Biosciences, San Jose, CA, USA). The membranes were washed with
TBS-T three times for 15 min each. The membranes were then incubated with the
appropriate secondary horseradish-peroxidase-conjugated antibodies for 1 h at room
temperature. After the membranes were washed, protein bands were visualized with
ECL Western Blotting Detection Reagents (GE Healthcare UK Ltd.) on Hyperfilm (GE
Healthcare UK Ltd.). Quantitative analysis of the specific band density was performed
using ATTO densitometry software (ATTO Corp., Tokyo, Japan). Protein levels were
normalized to [3-actin expression from the same sample.

2.7. Statistical analysis

Statistical analyses were performed using one-way analysis of variance followed
by the Tukey test. Each value was expressed as mean+S.E.

3. Results
3.1. Body weight

Body weight between the C and LP groups during pregnancy did not
differ significantly (C, 442+6 g, n=3 vs. LP, 426410 g, n=09 at day 20
of gestation). The levels of food intake per day during lactation at PD 0-
2 were 2146 g, 1641 g and 17+1 g in the CC, LPC and LPQ groups,
respectively; at PD 10-12, they were 41+4 g, 40 +3 g and 4341 g,
respectively; and at PD 20-22, they were 56+3 g, 5643 g and 56+2 g,
respectively. As shown in Table 2, body weight differences among CC,
LPC and LPQ at week 3 were not significantly different. However, at
week 23, the body weights of the LPQ group were higher than those of
the LPC group (P<.05) and comparable to those of the CC group.

3.2. Tissue weight, plasma and hepatic parameters of the offspring

Although the LPQ group showed a significant decrease in relative
liver weight compared with the CC group at postnatal week 3, there

was no significant difference among the three groups at week 23
(Table 2). The relative weights of the kidneys in LPC and LPQ were
significantly lower than in CC at week 3.

There was no significant difference among the three groups at
weeks 3 and 23 in plasma levels of Glc, T-cho, BUN and Alb. The
plasma insulin and adiponectin levels in LPQ at week 23 were
significantly higher than in CC and LPC (Table 3). In addition, the
insulin level in LPQ at week 3 tended to be higher than in LPC. The Tg
level in LPQ at week 3 significantly decreased compared with CC and
LPC. However, the level in LPQ at week 23 tended to be higher than in
CC and LPC, but a significant increase in the Tg level was not found.
With regard to Tg levels in the liver at week 23, although there was no
significant difference among the 3 groups (CC, 20.74+2.1 mg/g of liver
tissue, n=7; LPC, 31.043.5 mg/g, n=_8; LPQ, 25.94-2.3 mg/g, n=12),
Tg levels in LPQ offspring tended to be lower than in LPC offspring.

3.3. Effect of the quercetin diet on the phosphorylation of AMPK protein

The level of total AMPK protein did not change at postnatal week 3
in any of the groups. However, the abundance of phosphorylated
AMPK protein in LPQ increased significantly compared with that in CC
and LPC offspring (Fig. 2A). Likewise, the protein abundance of
phosphorylated AMPK in LPQ offspring at week 23 was higher than in
CC and LPC offspring (Fig. 2B), indicating that quercetin intake during
lactation activated AMPK in the livers of adult offspring of dams fed a
protein-restricted diet.

3.4. Effect of the quercetin diet on the phosphorylation of ACC protein

In order to investigate the effect of ACC, an important enzyme for
the synthesis and usage of fatty acids via activation of the AMPK
pathway [21], we examined the level of ACC phosphorylation. There
was no significant difference between LPC and LPQ offspring at
postnatal week 3 (Fig. 3A). At postnatal week 23, a significant increase
in phosphorylated ACC protein abundance was found in LPQ offspring

Table 3
Plasma parameters of offspring
Group Week 3 Week 23

CcC LPC LPQ CcC LPC LPQ
Glc (mgy/dl) 153.743.6 149.943.6 154.0+5.1 142.4+4.1 148.2+4.7 149.8+4.8
T-cho (mg/dl) 1159454 115.942.2 111.84+4.0 68.2+54 75.545.6 84.2+10.0
Tg (mg/dl) 148.0420.0 124.5+19.1 88.24+12.7° 141.0+£22.7 145.2+12.9 201.5+32.1
BUN (mgy/dl) 13.5+£0.8 13.6+£0.8 14.1+0.9 13.840.8 15.1+0.6 15.4+0.7
Alb (mg/dl) 3.240.0 3.340.0 3.2+40.1 3.9+0.1 3.940.1 3.940.1
Insulin (ng/ml) 2404043 1.68+0.28 2.80+0.53 3.03+0.43 2.734+0.21 4334037
Adiponectin (ng/ml) ND ND ND 251.7431.8 305.74:43.7 4745456230

Values are means+S.E. (n="7-13). ND, not determined.
2 P<.05 compared with CC.
b p<.05 compared with LPC.
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Fig. 2. Protein abundance of total and phosphorylated AMPK in the livers of offspring at postnatal weeks 3 (A) and 23 (B). Values are mean=S.E. (n=8-13). *P<.05 compared with CC.

bP<,05 compared with LPC.

compared with that in CC and LPC offspring (Fig. 3B), indicating that
quercetin intake during lactation was associated with inactivation of
ACC in the liver.

3.5. Effect of the quercetin diet on the phosphorylation of eNOS protein
and urinary NOx content

Because AMPK is reported to be associated with the phosphory-
lation of eNOS, resulting in an increased release of NO [7,8,22], we
examined the expression and phosphorylation of eNOS. At postnatal
week 3, there was no significant difference in the expression or
phosphorylation of eNOS among CC, LPC and LPQ offspring (Fig. 4A).
On the other hand, at week 23, a significant increase in the protein
abundance of phosphorylated eNOS (P<.05, CC, 1.0294+0.094, p-
eNOS/p-actin ratio, n=8; LPC, 0.902+0.065, n=10; LPQ, 1.367
+0.126, n=10) and total eNOS (P<.05, CC, 1.061+0.033, total
eNOS/p-actin ratio, n=38; LPC, 0.890+0.047, n=10; LPQ, 1.096
40.63, n=11) was found in LPQ offspring compared with that in
CC and LPC offspring, respectively, and p-eNOS/total eNOS level in

0.8 A

p-ACC / B-actin

0.4 1

cC LPC LPQ

LPQ was higher than that in CC (Fig. 4B). In addition, the levels of 24-h
urinary NOx in LPQ offspring at postnatal week 22 increased
significantly compared with that in LPC, and there was no significant
difference between CC and LPQ (Fig. 5).

3.6. Effect of the quercetin diet on the phosphorylation of mTOR protein

Since AMPK phosphorylation is associated with mTOR phosphor-
ylation [23], we examined whether the level of mTOR phosphoryla-
tion was altered in the liver. There was no significant difference
among the three groups in the level of phosphorylation of mTOR
protein in the liver at week 23; the levels of p-mTOR/B-actin ratio
were 0.9964-0.022, 1.007+0.057 and 1.06240.116 in the CC (n=8),
LPC (n=9) and LPQ (n=10) groups, respectively.

4. Discussion

Maternal undernutrition or dietary protein restriction during
pregnancy is believed to be associated with long-term metabolic
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Fig. 3. Protein abundance of phosphorylated ACC in the livers of offspring at postnatal weeks 3 (A) and 23 (B). Values are mean=S.E. (n==8-12). *P<.05 compared with CC. °P<.05

compared with LPC.
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Fig. 4. Protein abundance of phosphorylated eNOS in the livers of offspring at postnatal weeks 3 (A) and 23 (B). Values are mean+S.E. (n=7-10). *P<.05 compared with CC.

consequences such as obesity, diabetes and hypertension. However,
there is limited information about the long-term effects of the
intake of polyphenolic compounds such as quercetin and resver-
atrol on hepatic energy metabolic pathways in adult offspring
programmed by maternal protein restriction. The major findings of
the present study are as follows: in the livers of offspring
programmed by maternal protein restriction, when quercetin was
given during lactation, (a) quercetin intake during lactation up-
regulated AMPK phosphorylation, and (b) ACC and eNOS phos-
phorylation increased significantly.

In this study, we demonstrated an increase in the abundance of
phosphorylated AMPK protein in the livers of adult offspring of
protein-restricted dams at postnatal week 3 when quercetin was
given during lactation, indicating that AMPK is activated in the liver.
AMPK functions as a sensor of cellular energy status in most tissues
and organs, including the liver, and is activated by increases in the
cellular AMP:adenosine triphosphate ratio caused by metabolic
stresses [24]. Polyphenolic compounds found in natural sources,
including quercetin, resveratrol and epigallocatechin gallate, are
involved in the activation of AMPK [25,26]. For instance, quercetin
increased the phosphorylation of AMPK in mammalian cells
[13,15,27]. Lu et al. [14] reported that quercetin significantly activated
AMPK in the brains of old mice fed a high-cholesterol diet. Therefore,
we concluded that at postnatal week 3, AMPK in the livers of offspring
of protein-restricted dams is activated by quercetin intake during
lactation. It is interesting that a significant increase in the phosphor-
ylation of AMPK was found in LPQ offspring even at week 23, despite
the fact that no quercetin was given after weaning. This suggests that
AMPK activation by quercetin intake during lactation might be
preserved, leading to the modulation of the AMPK pathway in the
livers of adult offspring.

AMPK is known to phosphorylate a number of metabolic enzymes
associated with lipid metabolism in the liver; for instance, ACC, a key
enzyme in fatty acid synthesis, is phosphorylated and inactivated by
AMPK [5]. In this study, we found that the abundance of phosphor-
ylated ACC protein was increased in the livers of adult offspring of
protein-restricted dams at weeks 3 and 23, suggesting that ACC may
be inactivated. Moreover, Tg levels in the liver of LPQ offspring at
week 23 tended to be lower than in LPC, suggesting it to be due to the
phosphorylation of AMPK. Taken together, these findings suggest that
the up-regulated activation of AMPK may play a role in the
modulation of lipid metabolism in the livers of adult offspring of
protein-restricted mothers given quercetin.

In this study, we showed that at week 23 but not at week 3, eNOS
phosphorylation increased significantly in the livers of adult offspring
programmed by maternal protein restriction with quercetin. In
addition, the increased NOx level in the 24-h urine of LPQ offspring
might reflect the up-regulated eNOS phosphorylation in the liver.
Endothelial dysfunction is associated with a decrease in activity and
expression of eNOS in the aortas of offspring of nutritionally restricted
dams [28-30]. We also demonstrated that maternal protein restric-
tion during gestation and lactation down-regulated NO production
and eNOS phosphorylation [31]. Quercetin increases eNOS activity
and prevents endothelial dysfunction [17]; however, whether
quercetin intake during lactation directly activated eNOS in adult
offspring in this study is unclear. Several studies have reported that
AMPK phosphorylates and activates eNOS [7,8,32,33]. Davis et al. [34]
reported that AMPK phosphorylation increases by metformin, a drug
used for the treatment of type 2 diabetes, increasing eNOS activation
and NO bioactivity in vivo. Therefore, we hypothesized that eNOS is
activated, at least in part, through the phosphorylation of the AMPK
signaling cascade and that NO production is enhanced in the liver.

Previous studies have described an increase in islet cell vulnera-
bility in adult rat offspring of protein-restricted dams [35,36]. Theys et
al. [37] reported lower plasma insulin levels and islet dysfunction in
offspring exposed to maternal protein restriction during pregnancy
and suckling. However, quercetin potentiated insulin secretion and
protected P-cells against oxidative damage [38,39]. Here, we
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Fig. 5. Urinary NOx excretion. Values are mean+S.E. (n="7-10). *P<.05 compared with
CC. ®P<.05 compared with LPC.
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demonstrate that plasma insulin levels increased significantly in LPQ
adult offspring but decreased in LPC offspring at week 23. Thus, it is
plausible that quercetin intake during lactation improves pancreatic
insulin secretion in the islets of adult offspring of dams fed a low-
protein diet during pregnancy.

In conclusion, we show here that quercetin intake during lactation
up-regulates the activation of AMPK in adult offspring of protein-
restricted dams and modulates the AMPK pathway in the liver.
Although the reasons for the effects of quercetin intake during
lactation on the AMPK pathway in the livers remain unclear, the
feeding of quercetin, an AMPK activator, to protein-restricted dams
during lactation is likely to up-regulate AMPK activation and may, at
least in part, lead to long-term alterations of AMPK pathway in the
livers of adult offspring of protein-restricted dams.
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