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Chronic Tumor Necrosis Factor-� Infusion in
Gravid C57BL6/J Mice Accelerates Adipose
Tissue Development in Female Offspring

Suzan Lambin, MSc, Rita van Bree, MLT, Ignace Vergote, MD, PhD, and
Johan Verhaeghe, MD, PhD

OBJECTIVE: Tumor necrosis factor (TNF)-� is thought to mediate, in part, the link between obesity and
insulin resistance, and women with gestational diabetes mellitus (GDM) have raised serum TNF-� concentra-
tions. Our objective was to investigate whether systemic TNF-� administration into gravid C57BL6/J mice
causes a GDM-like syndrome and affects growth and adipose tissue (AT) development in the offspring.
METHODS: We assessed glucose tolerance and reproductive outcome in mice infused with saline, or 2 �g
or 4 �g recombinant mouse (rm)TNF-� by subcutaneous mini-osmotic pumps between days (d)11.5 and
18.5 of gestation. Subsequently, we studied the effects of the 2-�g dose on maternal AT metabolism.
Finally, the growth of offspring exposed to 2 �g rmTNF-� in utero was followed until 8 weeks postnatal
age. At 8 weeks, we assessed AT accumulation, as well as adipocyte area in white AT and insulin sensitivity
in males, and adipokine mRNA levels in various AT depots in females.
RESULTS: The peak glucose response to an intraperitoneal glucose stimulus in late-gravid mice and fetal
weight were higher with 2 �g but not 4 �g rmTNF-� compared with saline; however, 2 �g TNF-� did
not affect AT parameters. The female but not male offspring of these mice showed accelerated growth,
hyperadiposity, robustly increased leptin expression in all AT depots, and raised fasting blood glucose.
CONCLUSIONS: TNF-� infusion (2 �g for 7 days) in gravid mice resulted in a mild GDM syndrome
and accelerated AT development in the offspring in a sex-specific manner. The data suggest that TNF-�
mediates in part the effects of GDM on fetal growth and postnatal adiposity, and constitutes a potential
mediator of intrauterine programming. ( J Soc Gynecol Investig 2006;13:558–65) Copyright © 2006
by the Society for Gynecologic Investigation.

KEY WORDS: Adipose tissue, gestational diabetes mellitus, intrauterine environment, leptin,

tumor necrosis factor-�.

p
p
t
p
a
p
T
w
e
a

c
a
w
e
i
h

d
n

umor necrosis factor (TNF)-� is a proinflammatory
cytokine that may be important in the development of
the metabolic syndrome. TNF-� expression in adipose

issue (AT) is elevated in obese individuals1 and correlates with
dipocyte size.2 Robust AT expansion through adipocyte hyper-
rophy results in localized adipocyte death, and macrophages—the
ain source of TNF-� in AT3—are recruited to remove ne-

rotic adipocytes.4 Correlation studies suggest that TNF-�
verabundance may lead to hepatic and/or peripheral insulin
esistance,5,6 although this is not a consistent finding.7 Several
echanisms have been uncovered to explain why TNF-�
verexpression engenders insulin resistance: directly, through
mpaired insulin signaling in target cells,8–10 and indirectly,
hrough its actions on AT. Indeed, TNF-� inhibits preadi-
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ocyte differentiation via down-regulation of peroxisome
roliferator-activated receptor (PPAR)� (a pivotal transcrip-
ional regulator of adipocyte differentiation),11 stimulates adi-
ocyte apoptosis12 and raises circulating glycerol and free fatty
cids (FFA) via increased lipolysis,13 a phenomenon thought to
lay a major role in the pathogenesis of type 2 diabetes.14

NF-� also modulates the expression pattern of adipokines,
ith enhanced expression of leptin and apelin15,16 but blunted

xpression of adiponectin and resistin17,18; again, dysfunctional
dipokine secretion has been linked to insulin resistance.14

Another matter of controversy is whether TNF-� acts lo-
ally, through a paracrine mode of action, or whether it has
dditional systemic effects (ie, an “endocrine” action). In mice
ith exclusive expression of TNF-� in AT, insulin resistance

nsues solely at the AT level19; on the other hand, TNF-�
nfusion produces hepatic and peripheral insulin resistance in
umans20 and in rats.17,21

The metabolic syndrome encompasses glucose intolerance
uring pregnancy. The rise in TNF-� during normal preg-
ancy correlates with the decline in insulin sensitivity which

ay provoke glucose intolerance.22 In addition, serum TNF-�
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s increased in women with gestational diabetes mellitus
GDM) and in gravidas with an abnormal glucose challenge
est when compared to body mass index–matched con-
rols.23–26 During pregnancy, the placenta is a significant
ource of TNF-�,27 and TNF-� receptor expression is up-
egulated in GDM placentas.24

In Pima Indians, the maternal 2-hour glucose level after a
lucose load is related to the adiposity of their children,28

hich may—at least in part—have its origin in the dysmeta-
olic and proinflammatory in utero environment. In an ex-
eriment in rats, TNF-� administration during gestation
esulted in a sex-specific increase in body weight, adiposity,
nd fasting insulin in the offspring.29 Since the rat placenta is
mpermeable to TNF-�,30 these effects would need to be
nitiated in utero through the actions of TNF-� on maternal
etabolism. To confirm or refute this hypothesis, we exam-

ned the effects of TNF-� in C57BL6/J mice, which are
usceptible to glucose intolerance at an early age.31 We sought
o answer the following questions: (1) Does TNF-� infusion in
he second part of pregnancy lead to glucose intolerance?;
2) Does TNF-� infusion raise maternal serum levels of leptin,
FA, and glycerol, and does it have an effect on adipocyte
umber and size?; and (3) Does TNF-� infusion accelerate
rowth and AT accumulation in the offspring of these mice?
he offspring were followed until the postpubertal age of 8
eeks. In the females, we measured AT mRNA levels of
NF-�, PPAR�2 (the PPAR�-isoform expressed almost ex-
lusively in AT), and several other adipokines (leptin, resistin,
pelin); in the males, we assessed fat mass using dual-energy
-ray absorptiometry (DXA), adipocyte size, and insulin sen-
itivity by the insulin tolerance test.

ANIMALS AND METHODS
he study protocol was approved by the local ethical com-
ittee for animal research. Female and male 8-week-old
57BL6/J mice (abbreviated hereafter as B6 mice) were pur-

hased from the Jackson Laboratory (Bar Harbor, ME). The
ice were housed in a temperature-, humidity-, and light-

ontrolled environment and had ad libitum access to tap water
nd a standard laboratory chow containing 51% carbohydrate,
% fat, and 21% protein (Trouw, Gent, Belgium). The mice
ere mated overnight; the presence of a vaginal copulatory
lug was defined as day (d)0.5 of gestation. Alzet osmotic
inipumps (Model 2001, Alzet, Palo Alto, CA) were im-

lanted subcutaneously in the dorsal midline of the animals on
11.5 of gestation under light ether anesthesia. The pumps
eleased either saline or recombinant mouse (rm)TNF-�
Leinco Technologies Inc, St. Louis, MO) for 7 days.

Experiment 1: Dose-Finding Study
e studied three groups of mice: saline-infusion and infusion

f either 2 �g or 4 �g rmTNF-� over a period of 7 days,
hich corresponds to 75 �g/kg (0.45 �g · kg�1 · h�1) and
50 �g/kg (0.89 �g · kg�1 · h�1), respectively. These doses
ere chosen, because Ruan et al found insulin resistance in rats
fter infusing TNF-� at approximately 1.0 �g · kg�1 · h�1 for m
6 hours.17 The study end points were maternal glucose tol-
rance on d18.5 of gestation and reproductive outcome. Glu-
ose tolerance tests (GTTs) were performed after an overnight
ast. We injected 2 g glucose/kg intraperitoneally (IP), and ob-
ained blood samples by tail-snipping for glucose measurement
efore and 20, 30, 60, 90, and 120 minutes after glucose admin-
stration. Before and 20 and 90 minutes after glucose loading,
lood samples were also collected into heparinized tubes, cen-
rifuged and stored at �20C for later plasma insulin measure-
ent. Glucose was measured using a Glucocard Memory 2

lucometer (Menarini, Florence, Italy) and insulin by a
ouse-specific enzyme-linked immunoassay (Mercodia,
ppsala, Sweden). Following the GTT, a cesarean section
as performed under anesthesia (ketamine 80 mg/kg and
ylazine 5 mg/kg, both IP), and fetuses and placentas were
eighed.

Experiment 2: Effects of TNF-� (2 �g over
7 days) on Maternal AT Characteristics

ince the 2-�g but not the 4-�g dose was accompanied by
educed glucose tolerance (see Results), we used the former
ose in further experiments in a separate set of mice. On d18.5
f gestation, we collected blood by tail-snipping after a 5-hour
ast for determination of serum glycerol and FFA. Thereafter,
e anesthetized the animals and collected a larger blood sample

rom the abdominal aorta, which was allowed to clot, centri-
uged and stored for measurement of leptin and TNF-�.
erigonadal white adipose tissue (WAT), subcutaneous ingui-
al WAT, and interscapular brown adipose tissue (BAT) were
arefully dissected and weighed. WAT samples were used to
etermine AT cellularity and adipocyte area (size). For the former,
dipocytes were isolated from 50 to 100 mg perigonadal WAT
y a slightly modified version of Rodbell’s method,32 with all
rocedures at 37C. WAT was washed in saline, cut into small
ieces and transferred to a vial with 3 mL Krebs-Ringer
icarbonate (KRBA) buffer with 2% bovine serum albumin
BSA), 3 mM glucose (pH 7.4), and 1 mg/mL collagenase.
he vial was incubated for 1 hour in a shaking water bath,
anually shaken to liberate adipocytes, centrifuged (1 minute

t 400g), and the top layer washed with 5 mL KRBA; this
rocedure was repeated twice. The adipocytes were resus-
ended in 1 mL KRBA, stained with trypan blue, and counted
n a Fuchs-Rosenthal chamber. The adipocyte area was as-
essed in perigonadal and inguinal WAT fixated in Bouin’s
olution and embedded in paraffin; 3 �m-thick sections were
tained with hematoxylin-eosin. The area of all adipocytes was
easured by computer-assisted image analysis (KS400, Zeiss,
aventem, Belgium) in 7.11 � 0.06 fields (mean � SEM) per
ice, corresponding to 1205 � 99 assessed adipocytes.
The level of FFA was determined using the NEFA C

nzyme assay (Wako, Neuss, Germany) adapted to 96-well
icrotiter plates,33 and glycerol with the Free Glycerol De-

ermination Kit (Sigma) adapted for 5 �L serum with 300 �L
ree glycerol reagent. Serum TNF-� was quantified using the

ouse-specific TNF-� TiterZyme enzyme immunoassay from
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ssay Designs (Ann Arbor, MI), and leptin by a mouse-specific
adioimmunoassay (Linco, St. Charles, MO).

Experiment 3: Effects of TNF-� (2 �g over
7 days) on AT Development in the Offspring
he dams were allowed to deliver and the pups were weaned

t 4 weeks of age. The body weight (BW) of all pups was
ecorded to the nearest 0.01 g weekly from d7 to d56. On d56,
nsulin tolerance tests were performed in fed male mice: blood
amples were obtained by tail-snipping before and 15, 30, 45,
nd 60 minutes after insulin administration (Humulin Regular,
li Lilly, Brussels, Belgium; 1 U/kg IP) and blood glucose was
easured as indicated above. These animals were anesthe-

ized on d57 for DXA using a densitometer for small animals
Piximus 2, Lunar, Madison, WI); the specimen heads were
xcluded from the analyses.
In both female and male mice, tail blood samples were

btained after an overnight fast on d56 or d57, respectively; the
erum was stored for measurement of FFA, insulin, leptin, and
NF-�, as described. After euthanizing the mice by spinal
ord elongation, intra-abdominal (perigonadal, mesenteric,
nd perirenal) and inguinal WAT and BAT were dissected.
issue samples were snap-frozen in liquid nitrogen (polymer-

se chain reaction [PCR]) in the females or immersed in
ouin’s solution (histology) in the males. The adipocyte area
as assessed as described above, in seven fields per mice,

orresponding to 2620 � 161 adipocytes.
For quantitative real-time PCR (RT-PCR), total RNA was

xtracted from 50 to 100 mg homogenized WAT (perigonadal,

able 1. Litter Size, Fetal and Placenta Weight, and Fetal/Placenta
NF-� 4 �g from Day 11.5 to 18.5 of Gestation

Saline

aternal weight d18.5 (g) 38.4 � 1.3 (n � 6)
itter size 7.5 � 0.5 (n � 6)
etal weight (g) 1.015 � 0.011 (n � 43)
lacenta (g) 0.098 � 0.002 (n � 43)
etal/placenta weight 10.3 � 0.2 (n � 44)

ata are means � SEM (number of observations in parentheses).
P 	.05.
P 	.01, TNF-� 2 �g vs saline.
P 	.01, TNF-� 4 �g vs saline, as determined by two-sample t test.
esenteric, and inguinal) and BAT using Tripure Reagent
Roche, Mannheim, Germany) according to the manufacturer’s
nstructions; the RNA concentration was determined spectro-
hotometrically and stored at �80C. Reverse transcription re-
ctions were performed from 100 ng RNA using Taqman
everse Transcription Reagents (Applied Biosystems, Lennik,
elgium). Oligonucleotide primers and probes were obtained

or 5 mRNA species: PPAR�2, leptin, resistin, apelin, and
NF-�. Primers and probe sets for PPAR�2 were obtained

rom Applied Biosystems (assay-by-design): sense primer
=-CGCTGATGCACTGCCTATGA-3=, antisenseprimer5=-
ATGGCATCTCTGTGTCAACCA-3=, probe 5=-(FAM)-
ACTTCACAAGAAATTAC-3=. For leptin, resistin, apelin,

nd TNF-�, predesigned Taqman Gene Expression assays
ere purchased (leptin: Mm00434759_m1; resistin:
m00445641_m1; apelin: Mm00443562_m1; TNF-�:
m00443258_m1). 18s rRNA was used as the housekeeping

ene and primers and Vic-Tamra probe were obtained as a
re-Developed Assay Reagent (Applied Biosystems). Quanti-
ative RT-PCR was performed using the ABI 7000 sequence
etector after performing a validation experiment for each
ene. PCR amplifications were performed in duplicate wells
sing 1:8 sample dilutions of cDNA and 2 � TaqMan Uni-
ersal PCR Master Mix. Thermal cycling conditions were
5C for 15 seconds and 60C for 1 minute (40 cycles). The data
ere obtained as Ct values (the cycle number at which PCR

arget plots crosses the arbitrary threshold) and normalized to
he expression levels of 18s rRNA (�Ct � Ct target gene � Ct
8s rRNA). To compare differences between groups results

Figure 1. Glucose tolerance test in
d18.5 gravid B6 mice infused with sa-
line, TNF-� 2 �g or TNF-� 4 �g
from d11.5 to d18.5. Blood glucose
concentrations (left) and serum insulin
concentrations (right) after an IP glu-
cose load (2 g/kg). Statistical analysis
was performed by two-sample t test.
The data are shown as means � SEM;
*significantly different (P 	.05) from
the respective value of the saline-in-
fused group.

ght Ratio in B6 Mice Infused With Saline, TNF-� 2 �g, or

TNF-� 2 �g TNF-� 4 �g

37.7 � 1.3 (n � 7) 37.4 � 1.0 (n � 6)
6.7 � 0.9 (n � 7) 7.2 � 1.1 (n � 6)

1.073 � 0.017 (n � 44)† 0.967 � 0.015 (n � 38)‡

0.099 � 0.002 (n � 44) 0.091 � 0.001 (n � 39)‡

11.0 � 0.3 (n � 44)* 10.5 � 0.2 (n � 36)
Wei
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ere expressed as relative expression (��Ct � �Ct TNF-�
roup � �Ct control group), and presented as 2���Ct

�SEM) with the resultant numerical values expressing the
-fold of increase or decrease of the target mRNA with respect
o the calibrator and the SEM calculated as follows: SEM �
2���Ct · ln2 · SD (���Ct)]/(number of samples per
roup)1/2.

Data Analysis
ata analysis was performed with the NCSS 2004 software

Kaysville, UT). We used two-sample t tests (comparison of
ata from the two groups), and one-way and GLM analysis of
ariance (ANOVA), followed (if P 	.05) by Fisher least sig-
ificant difference (LSD) multiple comparison test to detect
ntergroup differences. All data are presented as means � SEM.
tatistical significance was set at P 	.05.

igure 2. Body weight from d7 until
56/57 in female (left) and male (right)
ffspring of B6 mice infused with sa-

ine or TNF-� 2 �g during gestation
d11.5–18.5). Statistical analysis (for
W at each time point) was performed
y two-sample t test. The data shown
re shown as means � SEM; *(P 	.05)
nd **(P 	.01) significantly different
rom the respective value of the saline-
nfused group.

able 2. Fasting Serum Concentrations of FFA, Glycerol, and
eptin; Weight of Fat Pads; and Adipocyte Area and Number, in
ay 18.5 Gravid B6 Mice Infused With Saline or TNF-� 2 �g

rom Day 11.5 to 18.5

Saline TNF-� 2 �g P value

erum
FFA (�Eq/L) 1440 � 178 (7) 1103 � 136 (7) .16
Glycerol (mmol/L) 5.08 � 0.51 (7) 6.38 � 0.71 (7) .16
Leptin (nmol/L) 0.42 � 0.01 (6) 0.42 � 0.04 (7) .92

T weight (mg)
Perigonadal 212 � 22 (7) 252 � 26 (7) .26
Inguinal 212 � 22 (7) 212 � 20 (7) .99
Brown 52 � 6 (7) 53 � 5 (7) .85

dipocyte number
(�106)

Perigonadal 48.4 � 5.7 (7) 49.7 � 4.4 (7) .87
dipocyte area (�m2)
Perigonadal 694 � 65 (6) 925 � 144 (7) .20
Inguinal 666 � 232 (7) 859 � 113 (7) .47

ata are means � SEM (number of observations between brackets).
	.05, TNF-� 2 �g vs saline, as determined by two-sample t test.
RESULTS
Experiment 1

aline- and TNF-�–infused mice had comparable BWs on
0.5 (22.2 � 0.3 g for saline, 22.1 � 0.6 g for TNF-� 2 �g,
nd 21.4 � 0.4 g for TNF-� 4 �g; P � .85 by ANOVA), as
ell as on d18.5 (Table 1) of gestation. While litter size was

lso comparable, fetal and placental weights were affected by
NF-� infusion: the 2-�g TNF-� infusion increased fetal but
ot placental weight, whereas the 4-�g dose reduced both fetal
nd placental weight.

Dams receiving 2 �g TNF-� had an increased glucose
xcursion after the IP glucose load compared to dams receiving
aline (Figure 1); however, the insulin output during the GTT
as comparable. No significant difference in glucose concen-

able 3. Weight of Fat Pads; Serum Concentrations of FFA,
nsulin and Leptin; and Blood Glucose Levels in the Female
ffspring (d56) of B6 Mice Infused With Saline or TNF-� 2 �g
uring Gestation (d11.5–18.5)

Saline TNF-� 2 �g P value

T Weight (mg)
Perigonadal 84.5 � 6.5 (19) 119.1 � 7.2 (9)† .003
Mesenteric 29.0 � 2.4 (19) 32.5 � 3.5 (9) .42
Perirenal 10.3 � 0.9 (19) 17.3 � 0.3 (9)† .008
Inguinal 46.4 � 3.6 (17) 59.3 � 3.0 (9)* .026
Brown 57.8 � 1.6 (19) 63.4 � 2.1 (9)* .046

at percentage (%)

 AT/BW 1.38 � 0.06 (19) 1.63 � 0.10 (9)* .026

lood
Glucose (mmol/L) 3.82 � 0.12 (19) 4.29 � 0.06 (8)* .021

erum
FFA (�Eq/L) 1819 � 151 (12) 1633 � 116 (10) .36
Insulin (pmol/L) 32 � 9 (11) 19 � 5 (10) .23
Leptin (pmol/L) 8.6 � 3.7 (6) 20.1 � 8.9 (6) .26

ata are means � SEM (number of observations between brackets). 
 AT/BW � sum
of all fat depots (mg) � intra-abdominal (mesenteric � gonadal � renal) WAT �
subcutaneous (inguinal) WAT � BAT, as a percentage of BW.
P 	.05.
P 	.01, TNF-� 2 �g vs saline, as determined by two-sample t test.
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rations was observed between dams receiving 4 �g TNF-�
nd the saline group, but insulin concentrations tended to be
ower in the TNF-� group (P � .098).

Experiment 2
n the basis of experiment 1, the effects of the 2-�g dose on
T were examined. We found no differences in serum FFA

nd glycerol concentrations in dams infused with 2 �g TNF-�,
or in AT weight, adipocyte number, or adipocyte area (Table 2).
erum TNF-� was undetectable (	20.1 pg/mL) in all ana-
yzed sera.

Experiment 3
igure 2 shows the BW curves between d7 and d56. Through-
ut this period, females exposed to TNF-� (2 �g dose) in
tero were heavier than the female offspring of saline-infused
others. In the male offspring, this difference was attenuated

nd not significant (.13 	 P 	.93 at the various ages). Female
ffspring exposed to TNF-� in utero also had more perigo-
adal, perirenal and inguinal WAT, as well as more BAT, than
emales exposed to saline (Table 3); however, the weight of the
iver was not different (P � .61). Blood glucose levels were
lso higher, but there was no difference in the serum concen-
rations of FFA, insulin, and leptin. In line with the growth
ata, the male offspring exposed to TNF-� in utero did
ot show higher adiposity (.32 	 P 	.90 for the various AT
epots). In addition, we found no differences in fat mass
P � .93) or fat percentage (P � .74) as derived from the DXA
easurements, nor in the adipocyte area (perigonadal WAT:
� .60; inguinal WAT: P � .13). Blood glucose (P � .63),

erum FFA (P � .34), and insulin (P � .67) were not different
ither, but serum leptin values tended to be increased in the
ale TNF-� group (33.5 � 11.0 vs 7.9 � 4.8 pmol/L in the

aline group; P � .059). Serum TNF-� was undetectable in 21
f 35 sera analyzed, with no difference between the saline and
NF-�–exposed offspring.
The insulin tolerance tests were not different between

NF-�– and saline-exposed male offspring: there was no differ-
nce in blood glucose at any of the time points (.13 	 P 	.39);
nd the area under the glucose curve was also comparable
P � .17).

We found a robust increase (between 216% and 532%) in
eptin gene expression in all WAT depots, as well as in BAT of
emale offspring exposed to TNF-� in utero (Figure 3);
n addition, resistin expression was increased by 80% in ingui-
al WAT. In contrast, TNF-� mRNA levels were normal
r decreased in the TNF-� offspring, with a significant differ-

evels were assessed by quantitative RT-PCR in gonWAT (perigo-
adal WAT), mesWAT (mesenteric), ingWAT (inguinal), WAT tot
gonWAT � mesWAT � ingWAT), and BAT (brown AT). The
ata were transformed from Ct values to equivalent n-fold differences,
ith the expression level of the saline-infused group set at 1.0.

ntergroup differences were assessed using two-sample t tests.
P 	.05, **P 	.01, TNF-� 2 �g compared to saline, with the n-fold
igure 3. Adipokine gene expression in AT of female offspring (d56)
f B6 mice infused with saline or TNF-� 2 �g during gestation
ifference compared to the saline group on top of the bar.
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nce in perigonadal WAT and BAT; apelin mRNA was 79%
ower in perigonadal WAT as well. PPAR�2 mRNA levels
ere increased in BAT of TNF-�–exposed offspring, but

here was no difference in any of the WAT depots.

DISCUSSION
he first conclusion of this study is that a subcutaneous infu-

ion of 2 �g rmTNF-� in gravid B6 mice (from d11.5 tot
18.5) resulted in a mild GDM syndrome characterized by
educed glucose tolerance (higher peak value) and relative fetal
acrosomia. However, there was no effect on FFA concen-

rations, or any other AT effects. The second conclusion is that
he female but not male offspring of TNF-�–infused mice
howed increased weight gain owing—at least in part—to
ore pronounced AT accumulation. The females also showed
igher leptin mRNA levels in all AT depots, as well as higher
asting blood glucose levels. Overall, the results suggest that
NF-� mediates some of the effects of GDM on fetal growth

nd postnatal hyperadiposity.
TNF-� administration affects both insulin sensitivity and

ecretion. In rats, a 4-day TNF-� infusion reduced insulin
ensitivity17; in addition, neutralization of TNF-� or its recep-
or by infusion of specific antibodies for 3 to 7 days improved
nsulin sensitivity, yet only in older or obese rats and at
he level of the skeletal muscles and liver but not AT.1,34,35

NF-�–induced insulin resistance is the consequence of ab-
ormal insulin signaling in various target cells (eg, hepatocytes,
dipocytes, and myocytes),8–10 and, indirectly, through in-
reased lipolysis. However, lipolysis by TNF-� in vitro was
hown to be activated only under hyperglycemic conditions.13

e found no change in fasting FFA and glycerol levels, in
ontrast to results obtained in rats17; this may be related to the
lightly lower dose of TNF-� used in the current study (0.45
g · kg�1 · h�1; cumulative dose: 2 �g or 75 �g/kg), whereas
uan et al used approximately 1.0 �g · kg�1 · h�1 (cumulative

ose: 96 �g/kg), or to a species-related difference. Regarding
nsulin secretion, TNF-� was reported to inhibit glucose-
timulated insulin secretion and to induce �-cell apoptosis in
itro.36 Such an inhibitory effect may explain why the 2-�g
NF-� infusion did not result in the expected hyperinsuline-
ic curve after IP glucose loading, and why the 4-�g dose

ended (P 	.10) to reduce glucose-stimulated insulin output
Figure 1). Interestingly, fasting TNF-� was inversely corre-
ated with insulin secretion indices during an intravenous GTT
n gravidas with and without GDM in the third trimester.26 Of
ote, GDM is also characterized by both insulin resistance and
reduced insulin secretory response to glucose.37

The 4-�g TNF-� infusion (150 �g/kg) did not result in a
urther worsening of glucose intolerance compared with the
-�g infusion. However, we found a 9.4% lower fetal mass
nd a 12.2% lower placental mass per dam with the 4-�g dose
ompared with saline (Table 1). These findings are in line
ith data in rats showing that TNF-� at high doses (100 or
00 �g/kg, injected on d12) resulted in decidual and placental
ecrosis with increased fetal demise.38 The reduced fetopla-

ental mass likely produced a smaller degree of gestational w
nsulin resistance; indeed, intrauterine growth restriction in
umans has been linked to a “flat” oral GTT in their
others.39

TNF-� may have other effects on AT, including adipocyte
poptosis and inhibition of preadipocyte differentiation.11,12

owever, a 7-day infusion in gravid B6 mice had no effect on
dipocyte number or size, or on plasma leptin levels (Table 2).

e were also unable to demonstrate elevated serum TNF-�
evels after chronic TNF-� infusion. Serum concentrations of
NF-� are typically low in humans as well (mean, 	7 pg/mL

n gravidas),23–26 in contrast to the mRNA abundance in AT
nd placenta. Nevertheless, our data support the hypothesis
hat TNF-� has an “endocrine” effect on glucose homeostasis.

Our offspring data (Figure 2 and Table 3) extend results
eported in rats.29 Dahlgren et al administered approximately
�g TNF-� IP on d8, d10, and d12 of gestation. The litters
ere reassembled to include five or six females and four to six
ales, and were followed until 10 weeks (males) or 12 weeks

females) of age. The females weighed more between 4 and 8
eeks postnatal age than the controls, and had more perigo-
adal and perirenal WAT at 12 weeks; the males weighed
ore at 10 weeks of age, and had more perirenal WAT and
igher fasting plasma insulin levels. Both Dahlgren’s and our
tudy showed a greater response to TNF-� exposure in utero
n female than in male offspring. Why such differences would
ccur is unclear at this time; however, serum TNF-� and the
oluble TNF receptors were reported to be higher in both lean
nd obese women compared to their male counterparts.40 Male
ut not female mice lacking both endogenous leptin and TNF-�
eceptors showed reduced AT TNF-� mRNA,41 yet another
xample of a sex-specific effect regarding adipokine physiology.
owever, further mechanistic studies are mandatory.
We found a robust increase in leptin mRNA levels in all AT

epots of TNF-�–infused female offspring, as well as elevated
esistin mRNA in inguinal WAT; in contrast, TNF-� mRNA
as not increased and was even reduced in some of the AT
epots, and apelin mRNA was lower in perigonadal WAT
Figure 3). It has been well documented that TNF-� stimulates
eptin expression in WAT,15,42 but the leptin overexpression
bserved in TNF-� offspring likely reflects their hyperadipos-
ty rather than a direct effect initiated in utero, since the
lacenta is impermeable to TNF-�.30 It would be of comple-
entary interest to assess the adipocyte area in female TNF-�
ffspring as well, since leptin mRNA levels in AT are closely
orrelated with adipocyte size.43 Like leptin, apelin expression
s up-regulated in obese and hyperinsulinemic mice and in
bese individuals44; in addition, apelin and TNF-� mRNA

evels in AT from lean and obese subjects are correlated.16 Our
esults show discordant effects on leptin and apelin expression
ut concordant effects on TNF-� and apelin expression in AT
f TNF-� offspring. While several studies in obese mouse
odels have documented reduced rather than augmented AT

esistin mRNA levels, resistin expression paradoxically declines
uring fasting45; clearly, more work is needed on the regula-
ion and significance of resistin. Finally, PPAR�2 expression

as unaltered in all WAT depots, suggesting that the acceler-
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ted AT accumulation in the female TNF-� offspring was not
xplained by increased preadipocyte differentiation.11

Since there is no or minimal transfer of TNF-� across the
lacenta in rats30 or in humans,46,47 the offspring effects are
ikely the consequence of TNF-�–induced metabolic changes
uring pregnancy. Although the maternal changes in glucose
olerance and lipid metabolism were mild after the 7-day
nfusion, earlier assessments might have captured more exten-
ive adaptations; also, measuring glucose before the 20-minute
ime point might have enhanced the degree of glucose intol-
rance in the 2-�g group. One should also keep in mind that
n Pima Indians, higher maternal post-challenge glucose levels
ithin the glucose-tolerant range were associated with in-

reased adiposity in their offspring.28 Changes in other adipo-
ines may also be important. For example, TNF-� stimulates
nterleukin-6 expression in an adipocyte cell line48; unlike
NF-�, interleukin-6 is transferred across the (human) pla-
enta46 but, like TNF-�, was found to affect growth and
diposity of the offspring in rats.29

The risk of obesity and glucose intolerance is increased in
he progeny of women with GDM in US and European
opulations.28,49,50 Although the genetic constitution and the
ccrued likelihood of an obesigenic postnatal environment
rovide partial explanations for these observations, in utero
etabolic programming may constitute a third contributing

actor. The current study suggests that TNF-� may be a
ediator of such in utero metabolic programming, and opens
ew avenues for further research.
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