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OBJECTIVE — To longitudinally characterize changes in insulin sensitivity in obese women
during and after pregnancy.

RESEARCH DESIGN AND METHODS — Six glucose-tolerant obese women under-
went a 4-h euglycemic-hyperinsulinemic (500-600 pmol/l) clamping during the second (22.5
+ 2 weeks [mean + SD]) and third trimester (36.8 + 0.9) of pregnancy and again 15.6 + 1.4
weeks after delivery. Rates of total body glucose turnover (with [6,6-2H,]glucose) and oxida-
tion (with indirect calorimetry) were measured.

RESVULTS — There were no significant changes with respect to the action of insulin on rates
of glucose disappearance (Ggq), carbohydrate oxidation, or endogenous glucose production
(EGP), comparing the second trimester of pregnancy with the nonpregnant (postpartum) state.
The third trimester, however, was characterized 1) by reductions in insulin-stimulated Ggq
(—28%, P < 0.05, compared with the second trimester and —40%, P < 0.05, compared with
postpartum); 2) by even larger reductions in insulin-stimulated carbohydrate oxidation
(—46%, P < 0.05, compared with the second trimester and —54%, P < 0.02, compared with
postpartum); and 3) by reduction of insulin suppression of EGP (—39% compared with —79%
at the second trimester and —77% postpartum, P < 0.01).

CONCLUSIONS — Glucose-tolerant obese women developed peripheral as well as hepatic
insulin resistance during the third trimester of pregnancy. These alterations were reversed after
delivery and appeared to be adaptive mechanisms to cope with the increased demand for glu-
cose of the growing fetus.

nsulin resistance during pregnancy is a

well-recognized phenomenon (1-3).

Changes in insulin sensitivity during preg-
nancy have been examined by a variety of
techniques. Semiquantitative information
was obtained by calculating insulin to glu-
cose ratios (4). More recently, quantitative
techniques including hyperinsulinemic-
euglycemic clamping (5-7) and minimal
model analysis of intravenous glucose toler-
ance tests (8) have been used in cross-sec-
tional studies comparing late gestation to the
postpartum period. Catalano et al. (6) were

the first to longitudinally assess changes in
insulin sensitivity during gestation using
the hyperinsulinemic-euglycemic clamp
technique. They demonstrated an ~50%
reduction in peripheral insulin sensitivity
from early-to-late gestation in normal-
weight pregnant women. Similar studies,
however, have not been done in obese
pregnant women. This information could
be important because obesity is known to
be associated with an increase in insulin
resistance (9) and because obese women are
at a greater risk for the development of both
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gestational diabetes (10,11) and NIDDM
(12,13); hence, insulin resistance is likely to
be more severe in obese than in lean preg-
nant women. The purpose of the current
study was, therefore, to characterize changes
in insulin sensitivity in obese women
throughout pregnancy and after delivery.

RESEARCH DESIGN AND
METHODS

Subjects

Six healthy obese (BMI >27.3 kg/m? or
body fat >30% in the nonpregnant state)
pregnant women were studied. Subject age,
weight, height, and body composition are
shown in Table 1. None of the subjects had
a family history of diabetes or any other
endocrine disorders, and none were taking
any medications. All subjects were seen by
a dietitian before the studies to standardize
their food intake. Their diet contained a
minimum of 250 g of carbohydrate for at
least 2 days before the studies. All subjects
underwent a standard diabetes screening
test (50 g of glucose p.o. followed by meas-
urement of plasma glucose after 1 h)
between 24 and 28 weeks gestation. All six
subjects had either a normal 1-h glucose
challenge test or a 3-h oral glucose tolerance
test with all values within the normal range
based on the criteria of Carpenter and
Coustan (14). None of the women were
taking any medications, including any form
of hormonal contraception in the postpar-
tum period. The studies were approved by
the Temple University Hospital Institutional
Review Board, and informed consent was
obtained from each subject before the study.

Experimental design

All subjects were studied three times at the
General Clinical Research Center at Temple
University Hospital; the first time during
the second trimester of pregnancy (22.5 =+
2.0 weeks gestation), the second time dur-
ing the third trimester (36.8 + 0.9 weeks
gestation), and the third time in the post-
partum period (15.6 = 1.4 weeks after
delivery) when none of the women were
lactating. During the studies, the subjects
were reclining in bed. A short polyethylene
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Table 1—Study subjects

2nd trimester
22.5 + 2.0 weeks

3rd trimester
36.8 + 0.9 weeks

Postpartum

15.6 + 1.4 weeks P value

Age (years) 27+40 — — —
Height (cm) 159+ 1.7 — — —
Weight (kg) 76.6+6.2 83372 755+ 8.3 NS
BMI (kg/m?) 30428 328+3.0 299+33 NS
Percent fat 37425 378+35 36.7+2.6 NS
FFM 47324 50.7 £+ 2.0 469+2.8 NS

Data are means + SD. NS, not significant.

catheter was inserted into an antecubital
vein for infusion of test substances. Another
catheter was placed into a contralateral
forearm vein for blood sampling. This arm
was kept at ~70°C with a heating blanket
to arterialize venous blood (15). After an
overnight fast (at ~8:00 a.M.), a 4-h eugly-
cemic-hyperinsulinemic clamp was per-
formed in combination with infusion of
stable isotopes (for measurement of glucose
turnover) and indirect calorimetry (for esti-
mation of rates of carbohydrate oxidation).

Methods and procedures
Euglycemic-hyperinsulinemic clamp.
Regular human insulin (Humulin R, Lilly,
Indianapolis, IN) was infused intravenously
at a rate of 7 pmol - kg=! - min~! for 4 h
starting at O min. Glucose concentrations
were maintained at ~4.7 mmol/l by a vari-
able rate infusion with 20% glucose, as
described (16).

Glucose turnover. Glucose turnover was
determined using the stable isotope [6,6-
2H,]glucose as described (17). Briefly, the
tracer was infused intravenously for 5.5 h
(—90 to 240 min) starting with a bolus of
30 pmol/kg, followed by a continuous infu-
sion of 0.3 pmol - kg~! - min~1. To assure
isotope equilibration, the tracer infusion
was started 90 min before initiation of the
clamp. Blood was drawn at 30-min inter-
vals for determination of [6,6-H,|glucose
enrichment, which was determined with a
gas chromatograph-mass spectrometer
(model 4610-B, Finnigan-MAT, San Jose,
CA). The penta-acetyl derivative of glucose
was measured by the electron impact mode
at 70 eV, lons were measured at m/e 242
and 244, respectively. To avoid changes in
isotope enrichment of plasma glucose dur-
ing the hyperinsulinemia, {6,6-2H,]glucose
was added to the unlabeled glucose, which
was infused at variable rates to maintain

euglycemia (18). Rates of total body glu-
cose appearance (Gg,) and disappearance
(Ggg) were calculated using Steele’s equa-
tion (19).

Indirect calorimetry. Respiratory gas
exchange rates were determined, as previ-
ously described (20), before and at 30-min
intervals during the clamp with a metabolic
measurement cart (Beckman Instruments,
Palo Alto, CA). Rates of protein oxidation
were estimated from urinary nitrogen
excretion after correction for changes in
urea nitrogen pool size (21). Rates of pro-
tein oxidation were used to determine the
nonprotein respiratory quotient (npRQ).
Rates of carbohydrate oxidation were deter-
mined with the tables of Lusk, which are
based on an npRQ of 0.707 for 100% fat
oxidation and 1 for 100% carbohydrate
oxidation.

Body composition analysis. Skinfold
thickness was measured over the triceps,
the thigh, and the suprailiac area (22).
Duplicate readings were performed at each
site to improve the accuracy and repro-
ducibility of the measurements. In addi-
tion, body composition was determined
with 2H,O on the day after the hyperinsu-
linemic-euglycemic clamp in four of the six
subjects (23). The differences in percent
body fat between the two methods did not
exceed 3%. Anthropometric measurements
were used for calculations of FFM and fat
mass to maintain consistency.

Fetal assessment. During the second- and
third-trimester clamp studies, fetal well-
being was assessed every 30 min through-
out the insulin infusions by fetal heart rate
monitoring. Assessment of amniotic fluid
volume, fetal body tone, movement, and
breathing (biophysical profile) was done by
ultrasound on admission and before dis-
charge. All the women participating in this
study delivered a healthy baby.

Sivan and Associates

Endogenous glucose production (EGP).
Most (>75%) of the EGP comes from the
liver, while the kidneys at times may pro-
duce a small amount of glucose (24). EGP
was calculated as the difference between
the isotopically determined rates of glu-
cose appearance (Gg,) and the glucose infu-
sion rates (GIR) needed to maintain
euglycemia during hyperinsulinemia (EGP
Nonoxidative  glucose  utilization
(NOGU). NOGU, which consists of glyco-
gen synthesis plus lactate/alanine produc-
tion, was calculated as the difference
between the isotopically determined rates
of glucose disappearance (Ggq) and carbo-
hydrate oxidation (NOGU = Gggq — carbo-
hydrate oxidation).

Analytical procedure

Plasma glucose was measured with a glu-
cose analyzer (Beckman). Plasma free
insulin was determined by radioim-
munoassay (RIA) after polyethylene glycol
precipitation using an antiserum with min-
imal (<<0.2%) cross-reactivity with proin-
sulin (Linco Research, St. Charles, MO).
Plasma human placental lactogen (HPL)
and cortisol were determined by RIA with
kits from DPC-Diagnostic Products, Los
Angeles, CA.

Statistical analysis

All data were expressed as the mean + SE.
Rates of glucose uptake, carbohydrate oxi-
dation, and endogenous glucose produc-
tion were expressed per kilogram fat-free
mass (FFM) since most of the intravenously
infused glucose is metabolized in muscle
(25). Statistical significance was assessed
using analysis of variance (ANOVA) with
repeated measures and Student’s two-tailed
paired or unpaired t test, where applicable.

RESULTS

Plasma insulin and glucose (Fig. 1)
Insulin infusion raised plasma insulin con-
centrations from 82 £ 9 t0 457 + 52 pmol/l
in the second trimester; from 104 + 26 to
531 £ 86 pmol/l in the third trimester; and
from 103 £ 22 t0 604 + 121 pmol/l in the
postpartum period. The differences in both
preclamp and clamp insulin concentrations
were not statistically significant for the
three study periods.

Preclamp glucose concentrations were
4.3 £ 0.05 mmol/l (second trimester), 4.5 +
0.2 mmol/l (third trimester), and 4.9 + 0.2
mmol/l (postpartum). These differences
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Figure 1—Plasma glucose and insulin concentrations before and during euglycemic-hyperinsulinemic
clamping in six obese healthy women during the second (22.5 + 2.0 weeks; O) and third (36.8 + 9 weeks;
A) trimesters of pregnancy and postpartum (15.6 + 1.4 weeks after delivery; @).

were not statistically significant. Plasma
glucose was clamped at ~4.7 + 0.1 mmol/l
(coefficient of variation [CV] 7.4%) in all
three studies.

Glucose uptake (Ggy) (Fig. 2). In response
to 240 min of hyperinsulinemia, Ggg
increased from 12.3 + 0.5 to 55.1 + 6.7
pmol - kg~ FFM - min~! (459%; P < 0.01)
during the second trimester; from 13.7 + 1.2
t040.9 £ 5.6 pmol - kg~! FEFM - min~! dur-
ing the third trimester (283%; P < 0.01),
and from 16.6 + 1.6 to 65.3 + 9.0 pmol -
kg~!FFM - min~! (415%; P < 0.01) during
the postpartum period. The difference in
insulin-stimulated Ggq between the second
trimester and postpartum (55.1 vs. 65.3
pmol - kg=! FFM * min~!) was not signifi-
cant. However, the insulin-stimulated
increase in Ggq was significantly reduced
during the third trimester when compared
with the postpartum state (—40%, P <
0.05) and with the second trimester of preg-
nancy (—28%, P < 0.05).

Carbohydrate oxidation. In response to
hyperinsulinemia, rates of carbohydrate

oxidation increased from 5.9 + 1.6 to 15.2
+ 1.4 pmol - kg~! FFM - min~! (258%, P
< 0.01) during the second trimester of
pregnancy; from 6.3 + 1.4 10 82 £ 1.9
pmol - kg=! FFM - min~! (146%, NS) dur-
ing the third trimester; and from 5.6 + 1.1
to 17.8 + 2.8 pmol - kg=! FFM - min~!
(318%, P < 0.01) during the postpartum
studies. The difference in insulin-stimu-
lated carbohydrate oxidation between the
second trimester and postpartum studies
(15.2 vs. 17.8 pmol + kg™! FFM - min™1)
was not statistically significant. During the
third trimester, however, the insulin-stim-
ulated increase in carbohydrate oxidation
was significantly reduced compared with
the postpartum state (8.2 vs. 17.8 umol -
kg=! FFM - min~!; P < 0.05) and to the
second trimester (8.2 vs. 15.2 ymol * kg™!
FFM - min~1, P < 0.05) (Fig. 2, bottom).

Endogenous glucose production (EGP)
(Fig. 3). Postpartum, insulin suppression of
EGP was nearly complete after 2 h (from
15.7+1.4103.7 + 1.0 umol - kg™! FFM -
min~! (—77%). Similarly, during the sec-

ond trimester, EGP decreased from 12.0 +
0.6102.5+0.9 pmol * kg™! FFM * min™~!
after 2 h (—=79%). In contrast, during the
third trimester, the inhibition of EGP was
significantly delayed (overall comparison of
curves, third vs. second trimester, P < 0.05;
third trimester vs. postpartum, P < 0.03).
After 2 h, EGP had decreased by only 39%
(from 13.9 £ 1.4 10 8.6 + 1.0 pmol - kg™!
FFM : min~!, P < 0.01). However, after 4
h, EGP was suppressed similarly during the
second and third trimester and postpartum
(t01.9+0.9,32+1.8and 2.1 +0.7 pmol
- kg™! FFM * min~1, respectively).
Nonoxidative glucose uptake (NOGU).
NOGU increased from 5.9 + 1.6 t0 40.0 +
5.9 ymol - kg=! FEM * min~! (678%) dur-
ing the second trimester, from 8.4 + 1.4 to
30.6 + 4.4 pmol + kg=! FFM * min™!
(364%) during the third trimester, and
from 10.7 £ 0.4 t0 51.7 £ 5.7 pmol - kg™!
FFM - min~! (483%) postpartum.
Plasma HPL and cortisol. Fasting plasma
HPL levels were 5.4 + 0.8 nmol/l postpar-
tum, 87 £ 19 nmol/l during the second
trimester, and 286 + 25 nmol/l during the
third trimester. Fasting plasma cortisol levels
were 105 + 20 nmol/l postpartum, 401 + 50
nmol/l during the second trimester, and 627
+ 60 nmol/l during the third trimester. Thus,
plasma HPL levels were 53-fold higher dur-
ing the third trimester compared with the
nonpregnant state, while plasma cortisol lev-
els were 6-fold higher.

Peripheral insulin sensitivity
It was the objective of this study to longitu-
dinally examine changes in insulin sensitiv-
ity during and after pregnancy in obese
healthy women. Six women were studied
during the second and third trimesters of
their pregnancies and again 3—4 months
after delivery when they had stopped lac-
tating and had resumed their menstrual
cycles. All had normal glucose tolerance
tests when tested during the third trimester,
and all delivered healthy babies. The results
obtained showed that in these obese
women, the ability of physiological hyper-
insulinemia (500-600 pmol/l) to stimulate
peripheral glucose uptake (i.e., mainly
uptake into muscle) (25) had changed little
(—15%, NS) during the second trimester
but was reduced by ~40% (P < 0.05) dur-
ing the third trimester when compared with
the nonpregnant (postpartum) state.

These results in obese women can be
compared with data from the only other
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longitudinal study, published by Catalano
et al. (6). These researchers have examined
changes in insulin sensitivity in six healthy
normal-weight women who underwent 2-
h euglycemic-hyperinsulinemic clamping
before and during early (12-14 weeks) and
late (3234 weeks) pregnancy (6,26). After
an overnight fast, the normal-weight, non-
pregnant women (BMI 20.3) of Catalano et
al. were ~40% more insulin sensitive than
this study’s obese (BMI 30.4) nonpregnant
women (insulin-stimulated glucose uptake
58.3 vs. 41.6 pmol - kg~! FFM : min~! at
120 min), most likely because of the dif-
ference in body weight because obesity is
known to be associated with increased
insulin resistance (27).

In response to hyperinsulinemia, there
was a severe reduction in insulin-stimu-
lated glucose uptake (i.e., an increase in
peripheral insulin resistance) during late
pregnancy in both obese (this study) and
normal-weight pregnant women (26).
Interestingly, however, the third-trimester
loss in insulin sensitivity (compared with
the nonpregnant state) appeared to have
been greater in normal-weight women,
where insulin-stimulated glucose uptake
decreased from 58.3 to 25.5 ymol - kg™!
FFM * min~! (—56%) (26) than in our
obese women, where it decreased from
41.7 to 31.1 pmol™! - kg FFM - min™!,
(—25%). 1t is possible, however, that the
difference was due to Catalano et al. study-
ing women before they became pregnant,
while we studied women postpartum.

The use of indirect calorimetry in this
study allowed evaluation of intracellular
glucose utilization. The data showed that
intracellular glucose utilization was essen-
tially the same during the second trimester
and postpartum, with ~27% of glucose
uptake being terminally oxidized and the
balance going into nonoxidative glucose
utilization (consisting of glycogen synthe-
sis, lactate, and alanine production). We
have previously reported comparable intra-
cellular glucose distribution rates in healthy
nonpregnant subjects (28). The normal
intracellular glucose utilization pattern
observed during the second trimester, how-
ever, changed during the third trimester,
when insulin was no longer able to signifi-
cantly increase carbohydrate oxidation
(from 6.3 to 8.2 ymol + kg~! FFM - min~;
NS). This resulted in a decrease of the per-
centage of glucose uptake being oxidized,
which was out of proportion to the
decrease in glucose uptake (—80% vs.
—40%, P < 0.02).
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Figure 2—Rates of whole-body glucose disappearance (Grq) and carbohydrate oxidation in six obese
healthy women before (baseline) and after 120 min and 240 min of euglycemic-hyperinsulinemic clamp-
ing during the second and third trimesters of pregnancy and postpartum. Shown are mean + SE. Data
are expressed as micromoles per kilogram of fat-free mass per min.

Thus, there appeared to be two distinct
alterations affecting peripheral insulin sen-
sitivity in obese pregnant women. The first
alteration, barely noticeable during the sec-
ond trimester, became much more severe
during the third trimester, reducing periph-
eral insulin sensitivity by ~40%. The pro-
portional decrease in glucose uptake and
carbohydrate oxidation in the second
trimester suggested a defect proximal to the
carbohydrate oxidation step, perhaps at the
level of glucose transport and/or phospho-
rylation. The cause or causes are not
entirely clear. The parallel development of
insulin resistance and increases in blood
levels of HPL and cortisol, hormones with
strong anti-insulin action (29-31), sug-
gested that HPL, cortisol, and perhaps
other diabetogenic hormones, including
progesterone and estrogen may have been

responsible for much of the observed
insulin resistance. In support of this,
administration of these gestational hor-
mones has been shown to increase insulin
release and to produce elevated insulin/glu-
cose ratios (32-34).

The second alteration, a decrease in
carbohydrate oxidation exceeding the
decrease in glucose uptake, became
detectable only during the third trimester.
Its cause is also unknown. It did not seem
to be caused by an increase in plasma FFA,
since FFA concentrations were comparable
during the second and third trimester
(basal, 624 + 39 vs. 608 + 48 pmol/l;
clamp, 263 + 32 vs. 299 + 27 umol/l).

Hepatic insulin sensitivity
In addition, our data revealed an alteration
in hepatic insulin action. There were only
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Figure 3—Rates of endogenous glucose production before (0 min) and during euglycemic-hyperinsu-
linemic clamping in six obese healthy women during the second and third trimesters of pregnancy and

postpartum.

small and nonsignificant changes in basal
EGP comparing the second and third
trimester with the postpartum state. After 2
h of hyperinsulinemia, however, EGP was
significantly less inhibited during the third
trimester (from 13.9 to 8.6 pumol - kg~!
FFM  min~!, —39%) when compared
with the second trimester (from 12.0to 2.5
pmol - kg=! FFM - min~!, —79%) or with
the nonpregnant (postpartum) state {(from
15.7 to 3.7 pmol - kg=! FFM * min™!,
—77%). After 4 h of hyperinsulinemia,
however, this defect had disappeared, i.e.,
hepatic insulin resistance (>75% of EGP
comes from the liver) had been overcome
by longer exposure to hyperinsulinemia.

In contrast, Catalano et al. found that
in normal-weight pregnant women, hyper-
insulinemia (500-600 pmol/l for 120 min)
suppressed EGP completely (by 89, 93,
and 95% prepregnancy, during early and
late gestation, respectively [26]).

Physiological considerations

The development of peripheral and hepatic
insulin resistance after midpregnancy can
be seen as an effort by the obese women to
adapt to the fuel needs of the rapidly grow-
ing fetus (35). During the third trimester of
pregnancy, glucose uptake by the fetus has
been estimated to be ~33 pmol - kg~! -
min~! (36). To satisfy this additional need,

the obese women sharply increased periph-
eral insulin resistance, thus reducing mater-
nal glucose utilization. They also increased
hepatic insulin resistance albeit to a lesser
extent, which probably resulted in
increased production of glucose. Moreover,
by decreasing terminal carbohydrate oxi-
dation, they shunted much of the glucose
entering muscle into either glycogen or
into lactate and thus made it available to be
recycled into glucose via the Cori-cycle.
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