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Low birth weight in humans predisposes to obesity, cardiovascular diseases, and type 2 diabetes in adult life. Alcohol

exposure during pregnancy has been associated with fetal growth restriction. We investigated the effects of prenatal

exposure to alcohol on glucose metabolism later in the offspring. Female Sprague Dawley rats were given ethanol (ETOH),

4 g/kg/day by gavage throughout pregnancy. Compared with controls, newborn ETOH rats had decreased body size (5.1 �
0.1 v 6.3 � 0.1 g, P < .001), plasma insulin (0.44 � 0.4 v 0.67 � 0.1 ng/mL, P < .05), and leptin mRNA (P < .05), but they had

normal �-cell mass and elevated adipose resistin mRNA and plasma glucose (5.0 � 0.5 v 3.6 � 0.3 mmol/L, P < .01). Food

intake was decreased in ETOH rats during the fourth week of life, and body weight remained decreased compared with

controls until a catch-up growth occurred by 7 weeks of life. At 13 weeks of age, body weight and �-cell mass of ETOH

offspring were normal, but plasma glucose and insulin after a glucose challenge were increased compared with controls (P <
.05). Adipose leptin and hypothalamic Ob-R mRNA were not different from controls, but resistin was increased (P < .05), and

muscle GLUT4 content was decreased (P < .05) in ETOH offspring compared with controls. The data suggest that prenatal

alcohol exposure impairs glucose tolerance in the offspring by both inducing insulin resistance and �-cell dysfunction. The

prevailing mechanism in 3-month-old rat offspring appears to be insulin resistance, manifested by glucose intolerance and

decreased GLUT4 despite hyperinsulinemia.

Copyright 2003 Elsevier, Inc. All rights reserved.

ADVERSE EVENTS during pregnancy may interfere with
fetal physiology, metabolism, and development and may

program the fetus to adulthood diseases. In epidemiologic
studies, intrauterine growth restriction (IUGR) has been asso-
ciated with insulin resistance, impaired glucose tolerance, type
2 diabetes, coronary heart disease, and hypertension later in
life.1-4 Other studies have found associations between intrauter-
ine exposure to the diabetic milieu and obesity, insulin resis-
tance, and glucose intolerance in the offspring.5,6 Similar re-
sults have been reported with regard to prenatal exposure to
famine, which causes IUGR.7,8 Animal models of IUGR have
generally supported these epidemiologic studies. The best stud-
ied model uses a low-protein diet during pregnancy.9,10 Off-
spring with IUGR in this model have increased insulin sensi-
tivity in young adult life, but they may develop glucose
intolerance during senescence.11 Global food restriction during
pregnancy and lactation in rats results in IUGR and the off-
spring, although remaining small, progressively develop insulin
resistance and glucose intolerance.12,13 Global undernutrition
may also be induced surgically by uterine artery ligation, re-
sulting in placental ischemia. The adult offspring in this model
develop obesity, insulin resistance, and diabetes.14

Besides these nutritional models, hormones and toxins have
also been used to study the impact of intrauterine and perinatal
events on adulthood diseases. Prenatal exposure to excess glu-

cocorticoids resulted in IUGR and cardiovascular diseases in
the adult.15 Maternal endotoxemia induced by bacterial lipo-
polysaccharides caused IUGR and was associated with obesity
and insulin resistance in adult offspring.16 Female rats devel-
oped insulin resistance and male-type changes in body fat
distribution during adulthood after imprinting with 1 dose of
testosterone during the perinatal period.17 These studies suggest
that abnormal events in utero and in early life may be delete-
rious to fetal growth and may program the fetus to diseases in
later life.

Alcohol ingestion during pregnancy can lead to abnormal
fetal development, sometimes manifested as the fetal alcohol
syndrome (FAS)18 IUGR is a hallmark of FAS, and the prev-
alence of FAS is elevated in populations with lower socioeco-
nomic status,19,20 where type 2 diabetes is also common.21,22 It
is unclear, however, if alcohol abuse during pregnancy is
commonly associated with glucose intolerance in the adult
offspring. The present study was undertaken to determine to
what extent alcohol exposure during pregnancy leads to the
development of glucose intolerance in the rat offspring.

MATERIALS AND METHODS

Animals and Experimental Design

Timed-pregnant Sprague-Dawley rats were housed in individual
cages under controlled temperature, humidity, and light cycle and were
allowed free access to tap water and commercial rat chow (Agway
Prolab, Syracuse, NY) providing a balanced amount of minerals and
vitamins, 3.5 kcal/g metabolizable energy, and containing by weight
22.5% proteins, 5.5% fat, and 62% carbohydrates. The rats were
randomly divided into 2 weight-matched groups. Throughout gestation,
1 group (ethanol [ETOH]) was given ETOH 2 g/kg (36%) by gavage
twice daily at 9 AM and 4 PM, and the second group (control) was given
the same volume of water instead of ETOH. Body weight and food
intake were recorded from day 14 of gestation to parturition. The
offspring studied were from 6 dams per group. Litter size per dam was
16.3 � 1.5 in ETOH and 17.3 � 1.5 in controls (P � not significant
[NS]). On the first day of life, 20 pups per group (day-1) were killed by
decapitation, trunk blood was collected in heparinized capillary tubes,
and used for glucose determination. Pools of plasma from 4 pups each
were used in the insulin assay (see below). Brain, subcutaneous fat, and
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pancreas were rapidly dissected out, snap frozen in liquid nitrogen, and
stored at �70°C. The remaining rats (6 to 7 per lactating dam) were
kept with their mothers until weaning on day 21. Weaned offspring
were housed 3 per cage and fed a normal chow. For body weight and
food studies, the rats were housed 1 day per week in individual plastic
cages with metal wire basket tops. Food was weighed and placed on the
basket top. After 24 hours, the remaining food was weighed, and food
intake was calculated as the difference between the 2 weights, corrected
for any food spill assessed by scanning the cage bedding. Body weights
were recorded at the same time. At 13 weeks of age, 6 offspring in both
the ETOH and control groups were fasted overnight and underwent an
intraperitoneal glucose tolerance test (IPGTT) by 9 AM the next morn-
ing. Glucose (30%wt/vol), 2 g/kg body weight, was injected intraperi-
toneally, and tail blood (40 �L) was collected at 0, 30, 60, and 120
minutes for glucose determination. The rats were killed by exsangui-
nations, and gastrocnemius muscle was stored at �70°C until used.
Another set of 6 rats per group was killed without prior overnight fast
and hypothalamus, gastrocnemius muscle, pancreas, and epididymal
adipose tissues were obtained. Aliquots of plasma were stored at
�20°C until assayed. The protocol was approved by the Committee for
Animal Use in Research and Teaching of the University of Manitoba.

Blood Alcohol Determination

Blood alcohol was determined in a subset of 6 dams in the morning
of day -20 of gestation before, 2 hours, and 4 hours after alcohol
gavage. Offspring from these dams were not used. Alcohol level was
determined spectrophotometrically using an alcohol dehydrogenase kit
(Sigma, St Louis, MO).

Leptin, Leptin Receptor, and Resistin Expression

Total RNA was extracted from approximately 100 mg adipose tissue
by the Trizol method (Life Technologies, Rockville, MD). The tissue
was homogenized in 1 mL Trizol, and the homogenate was centrifuged
at 12,000g for 10 minutes at 4°C. The supernatant was transferred to an
Eppendorf tube to which 0.2 mL chloroform was added, and the
centrifugation was repeated for 15 minutes. The aqueous phase was
transferred to a fresh tube, and 0.5 mL isopropyl alcohol was added.
After a third centrifugation for 10 minutes, the pellet, containing RNA,
was washed once with 1 mL 75% ETOH. After centrifugation at 7,500g
for 5 minutes at 4°C, the RNA pellet was dissolved in RNase-free
water. RNA loading amounts were compared by ethidium bromide
staining of 18S and 28S ribosomal RNA after formaldehyde-agarose
gel electrophoresis.

The first-strand cDNA for resistin was synthesized from 5 �g total
RNA using SuperScript reverse transcriptase and Oligo(dT) primers. A
total of 5 �L of the reverse transcription product was amplified by
polymerase chain reaction (PCR) using Taq DNA polymerase and
specific primers for resistin (Table 1). Another 5 �L of the reverse
transcription product was amplified with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers (Table 1) as an internal control. The
conditions for PCR were 94°C for 45 seconds, 55°C for 45 seconds,

and 72°C for 90 seconds (30 cycles). The expected RT-PCR product of
resistin is 267 bp in length.

Reverse transcriptase (RT)-PCR for leptin and leptin receptor
(OB-R) was performed with 1 �g total RNA from adipose and brain
tissues, respectively, using the OneStep RT-PCR Kit (Qiagen, Valen-
cia, CA). The cDNA was synthesized with Sensiscript Reverse Tran-
scriptase and HotStarTaq DNA Polymerase (Life Technologies) and
specific primers (Table 1) at 50°C. The conditions for PCR were 94°C
for 1 minute, 57°C for 1 minute, and 72°C for 1 minute (30 cycles). The
expected RT-PCR product for leptin is 363 bp in length. The expected
product for OB-R is 420 bp in length. �-actin was used as an internal
control. RT-PCR products (10 �L) were electrophoresed in a 1.5%
agarose gel, stained with ethidium bromide, and densitometrically
analyzed using National Institutes of Health (NIH) Image software
(Bethesda, MD).

Glucose Transporter-4 Content

Gastrocnemius muscle tissue (500 mg) was homogenized for 5
seconds using a Brinkman homogenizer (Westbury, NY) in ice-cold
TES buffer (20 mmol/L Tris-HCl, pH 7.4, containing 250 mmol/L
sucrose, 1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride
[PMSF], 0.01 mmol/L leupeptin, and 5 �g/mL aprotinin). The homog-
enate was spun twice at 3,000g for 10 minutes at 4°C, the supernatant
spun again at 100,000g for 90 minutes at 4°C, and the resultant
precipitate suspended in ice-cold TES by shearing using 22, 25, and
30-gauge needles. Protein (50 �g per lane) was separated on a 12%
sodium dodecyl sulfate (SDS)-polyacrylamide gel and electroblotted
onto nitrocellulose membranes. Blots were blocked with 5% dry milk
for 1 hour and incubated with rabbit anti-GLUT4 antiserum at 1:1,000
dilution for 1 hour at room temperature. Blots were then washed in
TBS-Tween for 15 minutes, incubated with goat antirabbit horseradish
peroxidase-conjugated secondary antibody at 1:3,000 for 1 hour at
room temperature, and washed in TBS-Tween for 15 minutes. Immune
complexes were detected using the ECL chemiluminescent detection
kit before exposing the blots to a Kodak Biomax Light Film (Rochester,
NY). GLUT4 protein was quantified by densitometry using NIH Image
software.

Pancreatic Insulin Content

Pancreases were dissected and immediately frozen at �70°C. Pro-
teins were extracted using the acid-ethanol method.23 Briefly, pancre-
ases weighing 350 to 450 mg were homogenized in 5 mL acid-ethanol
buffer (1.5 mL HCl 12 mol/L in 100 mL 70% ETOH) and incubated
overnight at 4°C for further extraction. On the next day, samples were
centrifuged at 3,000g for 15minutes at 4°C, and supernatants were
stored at �70°C for assay. Insulin content was measured with a rat
insulin radioimmunoassay (RIA) kit.

Pancreatic Histomorphometry

The whole pancreas was dissected out, weighed, and fixed in 10%
buffered formaldehyde solution. The tissue was dehydrated, embedded
in paraffin, and 6-�m sections were stained with hematoxylin and eosin
by standard procedures. Paraffin-embedded sections were also immu-
nostained using the Dako Envision� system (Mississauga, Canada)
according to the manufacturer’s recommendations. Sections were first
deparaffinized with xylene and rehydrated with ETOH and distilled
water. Sections were next incubated with a rabbit anti-insulin immu-
noglobulin (1:100), followed by peroxidase-labeled polymer conju-
gated to goat antirabbit immunoglobulin. Sections were then stained
with 3,3�-diaminobenzidine substrate-chromogen, counterstained with
hematoxylin and eosin, and examined by light microscopy for islet
counting. Morphometric analysis was performed using an Nikon light
microscope connected to a Nikon Microprojection System and North-

Table 1. Primer Sequences and Position

Primer Sequence Position

Resistin sense 5�-TTTTCCTTTTCTTCCTTGTCC-3� 110-131
Resistin antisense 5�-TGCTGTCCAGTCTATCCTTGC-3� 376-355
GAPDH sense 5�-CCATGGAGAAGGCTGGG-3� 388-405
GAPDH antisense 5�-CAAAGTTGTCATGGATGACC-3� 582-563
Leptin sense 5�-TCACACACGCAGTCGGTAT-3� 165-184
Leptin antisense 5�-TTCAGGGCTAAGGTCCAAC-3� 528-509
Ob-R sense 5�-CTCCGCACTCACAGGCAACA-3� 297-317
Ob-R antisense 5�-GGTGGATCGGGCTTCACAA-3� 717-698
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ern Exposure software (Hollywood, CA). The relative cross-sectional
area of � cells was determined by marking the threshold of the captured
image for brown tissue (� cells) and for blue tissue (exocrine pancreas).
Three individuals, 2 of whom were blinded to the study, performed
these analyses, and the means of the determinations were used. Total
tissue area was corrected for the unstained area. �-cell density was
calculated as the cross-sectional area of � cells per tissue section area.
�-cell mass per pancreatic piece was estimated as the product of �-cell
density and the weight of the fresh pancreatic piece, and total �-cell
mass per animal was estimated from the fresh weight of the pancreas.

Other Assays

Plasma insulin and leptin were measured with rat-specific RIA kits.
Plasma resistin was determined by enzyme immunoassay with an
antibody raised against the human resistin(51-108)-NH2, which recog-
nizes rat resistin. Glucose was measured using YSI2300 glucose ana-
lyzer (YSI, Yellow Springs, OH). Tissue protein was determined by the
Bradford method using bovine serum albumin as standard.

Materials

Rat insulin and leptin RIA kits were from Linco (St Charles, MO).
Resistin enzyme immunoassay kit was purchased from Phoenix Phar-
maceuticals (Belmont, CA). Antibodies for Western blots were from
Santa Cruz Biotechnology (Santa Cruz, CA). Insulin immunohisto-
chemistry kit was from Dako Diagnostics (Mississauga, Ontario, Can-
ada). Electrophoresis reagents were purchased from BioRad (Hercules,
CA). ECL chemiluminescence kit was obtained from Amersham Phar-
macia (Piscataway, NJ). Trizol, SuperScript reverse transcriptase, Taq
DNA polymerase and Oligo(dT) primers were obtained from Life
Technologies (Rockville, MD). The OneStep RT-PCR Kit was pur-
chased from QIAGEN (Valencia, CA). cDNA primers (Table 1) were
synthesized by Life Technologies, except for � actin, which was
purchased from Clontech (Palo Alto, CA). Ethanol to be administered
to rats was obtained from pharmaceutical services of the Health Sci-
ences Centre (Winnipeg, MB, Canada). Isopropyl alcohol and methanol
were from Fisher Scientific (Nepean, Ontario, Canada). All other
chemicals were purchased from Sigma-Aldrich (Oakville, Ontario,
Canada).

Statistics

All analyses were conducted with SPSS software (version 10.1 for
Windows, SPSS, Chicago, IL). Differences between groups were eval-
uated by unpaired t test. Insulin values were log-transformed before
analysis. Individual glucose and insulin measurements during IPGTT
were compared by repeated measures analysis of variance. Values are
expressed as the mean � SEM. P � .05 was considered significant.

RESULTS

Animal Weights, Food Intake, and Leptin

Daily food intake (23.0 � 1.4 g [80.5 � 4.9 kcal] v 25.7 �
1.0 g [89.9 � 3.4 kcal]) during the last week of gestation was
slightly lower (P � .12) in ETOH dams (n � 9) compared with
controls (n � 7), but weight gain during pregnancy was similar
(136 � 15 v 138 � 10 g, P � not significant [NS]). The amount
of ETOH ingested (�1.5g/day) provided �7 kcal/g or �10.5
kcal/day, increasing the total caloric intake in ETOH dams
to �91.0 kcal/day. Alcoholemia at 0 hour, 2 hours, and 4 hours
after ETOH gavage was 7.1 � 1.4, 114.4 � 26.9, and 70.0 �
20.0 mg/dL, respectively. The period of gestation was similar
between ETOH (21.5 � 0.3 days [range, 20 to 22]) and control
dams (21.3 � 0.3 days [range, 21 to 22]). On the first day of

life, ETOH pups weighed significantly less than controls (5.1 �
0.1 v 6.3 � 0.1 g, P � 0.001), and this weight difference
persisted until 6 weeks of age (Table 2). ETOH rats then caught
up to control weight. Epididymal fat pad weights were not
different between ETOH and control groups (9.5 � 0.6 v
10.9 � 1.1 g, P � NS). To investigate whether the catch-up
weight gain was due to overeating, we measured food intake
weekly after weaning. Food intake was significantly lower in
ETOH rats compared with controls at 4 weeks of age, but it
reached control level by 5 weeks and subsequently increased
with age similarly in both groups until 8 weeks and then
plateaued (Table 2).

To examine the effect of intrauterine ETOH exposure on the
leptin system, we measured subcutaneous adipose tissue leptin
mRNA and brain Ob-R mRNA in day-1 rats. In 13-week-old
animals, we measured circulating leptin, epididymal fat leptin
mRNA, and hypothalamus Ob-R mRNA. Leptin mRNA was
significantly lower in ETOH than in control animals on day-1,
but not at 13 weeks of age (Fig 1). Ob-R mRNA levels were not
different between ETOH and controls at the 2 age groups
studied (Fig 2), and plasma leptin levels were similar between
adult ETOH rats and controls (8.1 � 1.0 v 7.1 � 0.7 ng/mL,
P � NS).

Glucose Tolerance, Insulin, GLUT4, and Resistin

To study the effect of ethanol exposure on glucose ho-
meostasis, we measured plasma glucose and insulin levels in
the nonfasting state in day-1 and 13-week-old rats and during
an IPGTT after an overnight fast in 13-week-old animals. In
day-1 rats, glucose levels were significantly higher (5.0 � 0.5
v 3.6 � 0.3 mmol/L, P � .01), and insulin levels were lower
(0.44 � 0.4 v 0.67 � 0.1 ng/mL, P � .05) in ETOH rats than
in controls. In 13-week-old rats, the nonfasting glucose levels
were similar between ETOH and control animals (6.4 � 0.2 v
6.0 � 0.2 mmol/L, P � NS), but insulin levels were elevated
in the ETOH rats (4.8 � 0.5 v 2.5 � 0.9 ng/mL, P � .05).
These animals also had significantly higher plasma glucose and
insulin levels after intraperitoneal glucose challenge (Fig 3).

Table 2. Body Weight and Food Intake of ETOH and Control Rats

Week

Body Weight (g) Food Intake (g/day)

Control ETOH Control ETOH

0 6.3 � 0.1 5.1 � 0.1*
3 79 � 0.8 65 � 0.6*
4 148 � 1.5 130 � 3.2* 13.2 � 0.3 11.4 � 0.2*
5 208 � 4.4 198 � 1.4† 20.7 � 0.3 19.8 � 0.4
6 275 � 2.4 245 � 5.3* 24.1 � 0.3 23.2 � 0.5
7 316 � 9.2 322 � 4.7 27.5 � 0.2 26.5 � 0.8
8 393 � 4.2 387 � 6.0 30.0 � 0.4 29.6 � 0.6
9 426 � 7.2 425 � 5.4 30.3 � 0.5 30.8 � 0.6

10 473 � 7.7 477 � 8.3 29.2 � 0.6 29.3 � 0.4
11 501 � 5.4 502 � 5.6 30.1 � 0.7 32.5 � 1.1
12 517 � 9.8 532 � 5.8 29.9 � 0.5 30.0 � 0.6
13 555 � 9.0 570 � 7.7 30.3 � 0.4 31.1 � 0.4

NOTE. Weight is shown from day-1 to 13 weeks of age. Food intake
was recorded from 4 to 13 weeks. Data shown as the mean � SEM
(n � 12 rats/group).

*P � .001, †P � .05, ETOH v control rats.
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The area under the insulin curve was significantly greater in
ETOH rats compared with controls (110 � 14.2 v 78.5 � 6.8
ng/mL � min, P � .05).

Because glucose intolerance in association with hyperinsu-
linemia suggests the presence of insulin resistance, we mea-
sured GLUT4 in skeletal muscle membranes in 13-week-old
rats. In the random-fed state, GLUT4 level was not different
between groups despite differences in circulating insulin levels.
After glucose challenge, however, GLUT4 was significantly
lower in ETOH animals (Fig 4). We also determined resistin
mRNA in adipose tissue of day-1 and 13-week-old rats and
found significantly elevated levels in ETOH rats compared with
controls at both age groups (Fig 5). Plasma resistin levels,
measured only in the adult group, were also higher in ETOH
than in controls (3.54 � 0.27 v 2.61 � 0.26 ng/mL, P � .05).

Pancreas Morphometry and Insulin Content

Because changes in insulin levels in ETOH rats could be
caused by �-cell changes, we measured pancreatic insulin
content and performed histomorphometric analyses of pancre-
atic islets both on day-1 and at 13 weeks of age (Fig 6 and
Table 3). On day-1, the pancreas was slightly heavier in the
ETOH rats compared with controls, but it had a similar weight

in 13-week-old rats. Pancreatic insulin content was signifi-
cantly decreased in ETOH day-1 rats compared with controls,
but it was similar between groups at 13 weeks of age. Figure 6
depicts representative pancreatic sections stained with hema-
toxylin and eosin to identify the islets (Fig 6A and B), or
immunostained for insulin to identify �cells (Fig 6C and D).
The number of islets per unit of exocrine pancreatic area was
comparable between ETOH and control day-1 rats, but it was
significantly greater in 13-week-old ETOH animals compared
with controls (Table 3). At both ages, however, �-cell density
and �-cell mass were not different between ETOH and control
rats (Table 3). As expected, insulin content per unit pancreas
and islet cell density were greater in newborn rats than in adult
animals.

DISCUSSION

In this report, we have studied the role of alcohol ingestion
by the mother during pregnancy on glucose homeostasis in
newborn and adult offspring. On day-1, ETOH offspring were
small and had decreased leptin mRNA and insulin levels, but a
normal �-cell mass, elevated plasma glucose, and increased
expression of adipose tissue resistin. The decreased insulin
levels despite normal �-cell mass is an indication of �-cell
immaturity.24,25 The ETOH offspring displayed a catch-up
growth within 7 weeks of life in association with increased

Fig 2. Ob-R expression in ETOH and control rats. In day-1 rats

(6/group) and in 13-week-old rats (6/group), Ob-R mRNA was deter-

mined in the brain and in the hypothalamus, respectively. Densito-

metric mRNA determinations, expressed in arbitrary units relative to

GAPDH mRNA levels, are shown as the mean � SEM.

Fig 1. Leptin expression in ETOH and control rats. In day-1 rats

(6/group) and in 13-week-old rats (6/group), leptin mRNA was mea-

sured in subcutaneous adipose tissue and in epididymal adipose

tissue, respectively. Densitometric mRNA measurements, expressed

in arbitrary units relative to � actin or GAPDH mRNA levels, are

shown as the mean � SEM. *P < .05, ETOH v control rats.
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food intake remarkable after 4 weeks of age. In 13 weeks old
ETOH rats, adipose tissue weight, leptin mRNA, and circulat-
ing leptin concentrations were not different from controls, but
adipose tissue expression of resistin was still elevated. At this
adult age, the ETOH animals also had elevated insulin levels
and decreased skeletal muscle GLUT4 content, and they de-
veloped impaired glucose tolerance. An early study in humans
reported the presence of glucose intolerance with hyperinsulin-
emia in 3 of 7 children with FAS.26 The development of
glucose intolerance in the ETOH offspring despite hyperinsu-
linemia indicates the presence of insulin resistance.

Glucose transport across the plasma membrane is the rate-

limiting step for glucose metabolism in skeletal muscle, and the
insulin-dependent glucose transporter, GLUT4, is a primary
determinant of insulin-stimulated glucose uptake and metabo-
lism in this tissue.27 Thus, increasing muscle GLUT4 content
by transgenic overexpression or by increased contractile activ-
ity enhances insulin-stimulated muscle glucose uptake. Con-
versely, reducing the content of GLUT4 by gene knockout,
denervation, or aging impairs insulin-mediated muscle glucose
uptake.28 The decreased skeletal muscle GLUT4 content in
ETOH offspring, therefore, provides a mechanism for insulin
resistance in these animals.

Resistin, a recently discovered protein also known as
FIZZ329 or ADSF,30 has been suggested to link obesity to type

Fig 4. Skeletal muscle GLUT4 content in 13-week-old ETOH and

control rats. Shown are representative GLUT4 immunoblots and

densitometric analyses of the blots performed in the (A) random-fed

rats, n � 5 per group and (B) after an intraperitoneal glucose toler-

ance test, n � 5 rats/group. *P < .05, ETOH v control rats.

Fig 3. (A) Plasma glucose and (B) insulin levels during an IPGTT in

13-week-old ETOH (�) and control (F) rats. Individual glucose and

insulin measurements were compared by repeated measures

ANOVA. The area under the insulin curve, compared using a t test,

was also significantly greater in ETOH rats compared with controls

(110 � 14.2 v 78.5 � 6.8 ng/mL � min, P < .05). *P < .05, ETOH v

control rats by repeated measures ANOVA.
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2 diabetes.31 Resistin is expressed in adipocytes and secreted
into the circulation. Steppan et al31 found elevated resistin
levels in both genetic (ob/ob and db/db) and diet-induced obese
diabetic mice. In their study, antiresistin antibody improved
blood glucose and insulin sensitivity in mice with diet-induced
obesity, while administration of recombinant resistin impaired
insulin action in vivo in mice and ex vivo in adipocytes. In
addition, circulating resistin levels and adipocyte resistin gene
expression were markedly decreased by treatment with the
insulin sensitizer, antidiabetic drug, rosiglitazone.31 Several
studies have found elevated levels of resistin in association
with obesity.31-34 In insulin-resistant Fischer rats, resistin gene
expression increased in proportion to weight gain, but not in
relationship to insulin resistance, and it was suggested that
resistin is a marker of adiposity.34 Resistin expression may be
regulated by nutrition status and insulin in rodents, because
carbohydrate feeding increases resistin expression in fasted
mice and rats, and insulin injection has a similar effect in
streptozotocin diabetic mice.30 In the current study, we found
elevated resistin mRNA in adipose tissue from both newborn
and adult ETOH rats. In addition, plasma resistin levels were
elevated in ETOH adult offspring compared with controls.
Adiposity is unlikely to explain the difference in resistin ex-

pression in our adult rats, because body weight and epididymal
fat mass (an index of total body fat mass35,36) were similar
between groups. Because ETOH newborn rats were smaller and
hypoinsulinemic compared with controls, adiposity or insulin
are also unlikely factors in the resistin difference at this age.
This is the first report of resistin expression in an IUGR model.
Although the exact role for resistin in insulin resistance is still
unclear, a possible scenario in this model is that persistently
elevated resistin from birth to adulthood interfere with insulin
action resulting in decreased GLUT4, hyperinsulinemia, and
glucose intolerance.

The ETOH rats in the current study had an increased growth
rate within the first 7 weeks of life, but the mechanism of this
phenomenon is unclear. On day 1, the ETOH offspring had a
lower adipose tissue expression of leptin compared with con-
trols. At 13 weeks of age, however, ETOH animals had similar
levels of adipose leptin mRNA and circulating leptin compared
with controls, at the time their weights were similar. These
results are in agreement with previous reports that leptin syn-
thesis and secretion is proportional to body weight.37 It is
noteworthy that although food intake was similar between rat
groups, except at the fourth week, the ETOH group was smaller
during the first 6 weeks of life and, then consumed proportion-
ally larger amounts of food compared with controls. It is,
therefore, possible that neonatal hypoleptinemia played a role
in the growth spurt of ETOH rats through an increase in food
intake, as suggested in humans born with IUGR.38,39

Maternal ETOH ingestion can cause IUGR via maternal
malnutrition, placental malfunction, or direct fetotoxicity.40

Maternal nutrition was provided in the current study through a
balanced diet and although food intake of the ETOH dams was
somewhat lower, daily caloric intake was similar to controls,
explaining similar weight gain during pregnancy,41 and protein
intake was higher than what has been shown to cause dietary
malnutrition. It has been suggested that alcohol may have direct
growth delaying effects through inhibition of DNA and protein
synthesis42 and that alcohol can cause placental dysfunction
resulting in reduced transport of amino acid and other nutrients
to the fetus and in fetal malnutrition.43,44

Earlier reports indicated that fetuses of rats given ethanol-
containing diets were hypoglycemic as a consequence of de-
creased glucose uptake by the placenta or fetal tissue.45,46 In
newborn offspring of rats given ethanol during pregnancy,
insulin levels were increased while glucose levels were normal,
suggesting a state of insulin resistance.47 Studies in adult life
have suggested that alcohol abuse can cause insulin resis-
tance,48,49 and ethanol has been shown to inhibit insulin-in-
duced insulin receptor substrate-1 phosphorylation50 and phos-
phatidyl inositol-3-kinase activity in vitro.51 It is possible,
therefore, that the metabolic and mitotic effects of prenatal
alcohol exposure, which result in IUGR, affect pathways of
glucose homeostasis preventing them from coping with meta-
bolic stress later in life and resulting in impaired insulin sen-
sitivity.

This study confirms the view that adverse events during
pregnancy result in poor fetal growth and may have deleterious
consequences during adulthood, as reported in epidemiologic
studies,1-4,7,8 and supported by animal models of IUGR.9-16 The
low-protein diet during pregnancy is a frequently used model of

Fig 5. Resistin expression in adipose tissue of ETOH and control

rats. Resistin mRNA were measured by RT-PCR in day-1 rats (6/

group) and in 13-week-old rats (6/group) and expressed in arbitrary

units relative to GAPDH mRNA levels. *P < .05, ETOH v control rats.
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IUGR.9,10 The rat offspring in this model have a reduced �-cell
mass throughout life. However, these animals have increased
insulin sensitivity as young adults,10 but they develop glucose

intolerance with senescence.11 A second model is that of global
undernutrition, in which animals are submitted to food restric-
tion.12,13 The offspring of undernourished mothers are small at

Fig 6. (A and B) Pancreatic sections stained with hematoxylin and eosin or (C and D) immunostained for insulin in control (A and C) and ETOH

(B and D) 13-week-old rats.

Table 3. Insulin Content and Morphometry of the Pancreas in ETOH and Control Rats

Day 1 13 Weeks

Control ETOH Control ETOH

Pancreas weight (mg) 13 � 0.5 16 � 1.0* 828 � 52 792 � 83
Pancreas insulin (�g/mg protein) 2.26 � 0.21 1.77 � 0.05* 0.69 � 0.04 0.82 � 0.10
Islets/mm2 12.7 � 1.1 14.7 � 1.5 0.9 � 0.1 1.3 � 0.1†
�-cell density 6.7 � 1.3 6.4 � 1.8 1.3 � 0.3 1.8 � 0.2
�-cell mass (mg) 0.8 � 0.1 1.0 � 0.3 11.2 � 2.5 12.9 � 2.6

NOTE. These studies were performed in day-1 rats (20/group) and 13-week-old rats (6/group).
*P � .05, †P � .01 ETOH v age-matched controls.
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birth and when fed standard diet after weaning, they remain
small despite being hyperphagic. They have a normal fasting
plasma glucose, but increased fasting plasma insulin and leptin
concentrations.13 The elevated leptin levels, which are propor-
tional to the retroperitoneal fat pad weights, are attributed to a
state of leptin resistance thought to be responsible for the
hyperphagia.13 By 70 days of age, the offspring have decreased
insulin release and �-cell mass and impaired glucose toler-
ance.12 A third model uses bilateral uterine artery ligation to
cause placental ischemia.14 In this model, the offspring become
obese and develop diabetes due to decreased �-cell mass and
peripheral insulin resistance, as measured by insulin tolerance
test. ETOH offspring developed signs of insulin resistance and
impaired glucose tolerance in adulthood. Unlike the uteropla-
cental insufficiency and protein deprivation models, however,
�-cell mass was not decreased in ETOH animals.

In humans predisposed to become diabetic, � cells first

compensate for insulin resistance by increasing insulin output
to maintain normoglycemia, and this phase is followed by a
decompensation phase during which insulin secretion fails and
overt hyperglycemia develops.52,53 In the placental insuffi-
ciency model,14 insulin secretion decreased in the offspring by
15 weeks of age, and this is the time overt hyperglycemia
developed. The ETOH rats had increased islet number and
insulin secretion at 13 weeks of age, suggesting that they were
at a compensatory phase. It is possible that �-cell mass and
insulin secretion in these rats would decrease if these animals
were followed longer than 13 weeks.

In summary, the results of this study demonstrate that expo-
sure to ETOH in utero results in impaired glucose tolerance in
the offspring through insulin resistance and early insulin hy-
posecretion, which are key factors in the pathogenesis of type
2 diabetes. The prevailing mechanism in 3-month-old rat off-
spring appears to be insulin resistance.
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