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Milk production may involve a transient development of
insulin resistance in nonmammary tissues to support
redistribution of maternal macronutrients to match the
requirements of the lactating mammary gland. In the
current study, adipose and liver metabolic responses
were measured in the fasting state and during a two-step
(10 and 20 mU/m?/min) hyperinsulinemic-euglycemic
clamp with stable isotopes, in 6-week postpartum
women who were lactating (n = 12) or formula-feeding
(n = 6) their infants and who were closely matched for
baseline characteristics (e.g., parity, body composition,
and intrahepatic lipid). When controlling for the low in-
sulin concentrations of both groups, the lactating women
exhibited a fasting rate of endogenous glucose produc-
tion (EGP) that was 2.6-fold greater and a lipolysis rate
that was 2.3-fold greater than the formula-feeding group.
During the clamp, the groups exhibited similar suppres-
sion rates of EGP and lipolysis. In the lactating women
only, higher prolactin concentrations were associated
with greater suppression rates of lipolysis and lower
intrahepatic lipid and plasma triacylglycerol concentra-
tions. These data suggest that whole-body alterations in
glucose transport may be organ specific and facilitate
nutrient partitioning during lactation. Recapitulating a shift
toward noninsulin-mediated glucose uptake could be an
early postpartum strategy to enhance lactation success in
women at risk for delayed onset of milk production.

Data from detailed metabolic studies, such as the insulin
clamp technique and i.v. glucose tolerance tests, suggest

that from prepregnancy to late pregnancy, insulin sensi-
tivity might become reduced by as much as 50% (1,2).
Similar metabolic methods have been used in postpartum
women following a pregnancy with normal glucose toler-
ance (NGT) or gestational diabetes mellitus (GDM), and
data have suggested that lactation may restore whole-body
insulin sensitivity to the prepregnancy state (3-5). The
concept proposed by Neville et al. (6) suggested that after
lactation has been established, the induction of hypergly-
cemia promotes glucose uptake in the mammary gland,
which is a process that appears to be independent of
insulin action. This theory is consistent with noninsulin-
mediated glucose uptake (NIMGU) by the lactating mam-
mary gland in humans, as has been documented in other
mammalian species (7,8).

In observational studies, lactation has been found to be
associated with a decreased incidence of maternal type
2 diabetes in a manner that is independent of ethnicity/
race, gestational glucose tolerance, and postpartum weight
change (9). Although the basis for this association is poorly
understood, hypothesized mechanisms include the en-
hancement of known insulin-sensitivity systems during
lactation (5,10). A contrasting view is that lactation in
humans extends the period of physiological insulin re-
sistance, established during pregnancy, into the postpar-
tum period in one or more nonmammary tissues. Three
observations support this latter hypothesis. First, lactating
ruminants and rodents exhibit insulin resistance in non-
mammary tissues, (7,11) and such findings of insulin
resistance in nonhuman species set a precedent for
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consideration in human physiology. Second, indirect data
from human studies have documented low circulating
concentrations of adiponectin throughout lactation
(12-18). High adiponectin is associated with insulin sen-
sitivity (19), and thus, the observed reduction in this
hormone in lactating women hints at decreased insulin
sensitivity in one or more physiologic pathways. After
weaning, adiponectin concentrations eventually recover
to prepregnancy levels (18). Third, under conditions of
hyperinsulinemia, lactating women have been shown to
require the same amount of glucose infusion as nonpreg-
nant, nonpostpartum women (3). If human mammary
tissue exhibits NIMGU, these data suggest that at low
insulin levels, more glucose may be taken-up in mammary
tissue with less going to nonmammary tissues (peripheral
insulin resistance). Such coordination between mammary
and nonmammary tissues would increase the availability of
substrates for milk production. Past studies in this field
have investigated fasting and insulin-stimulated glucose
metabolism in lactating women and included as the control
group nonlactating, nonpostpartum women (3,5,20). The
goal of the present project was to extend these studies by
investigating the impact of lactation on liver and adipose
tissue while controlling for the effects of the postpartum
period by comparing lactating women to postpartum
women choosing to formula-feed their infants. Given past
observations of low fasting insulin levels in postpartum
women, we used a hyperinsulinemic-euglycemic clamp
method to test adipose and liver metabolism at insulin
infusions that were at low (10 mU/m?/min) and medium
(20 mU/m?/min) levels. An understanding of the hepatic
and adipose physiology behind alterations in glucose
uptake during lactation will facilitate development of
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strategies to ensure timely onset of ample milk secretion in
women at risk for a late start, a predictor of short lactation
duration (21).

RESEARCH DESIGN AND METHODS

Subjects, Inclusion, and Exclusion Criteria

Informed consent was obtained from postpartum women.
The protocol was first described at a scheduled prenatal
visit during the third trimester of pregnancy and/or at the
scheduled postpartum visit between 2 and 5 weeks past
full-term delivery. Participants were lactating or nonlac-
tating based on their choice of newborn feeding regimen
with no more than 6 oz of formula per day (lactating
group) or no breast milk (formula-feeding group). Visit
1 occurred during week 5 postpartum, while visits 2 and
3 occurred between 5 and 8 weeks postpartum. The re-
search protocol was approved by the University of Texas
Southwestern Institutional Review Board (number STU-
092010-071), and the study was conducted according to
the principles expressed in the Declaration of Helsinki. The
inclusion criteria were BMI at 2 weeks postpartum 25-
35 kg/m?, age 21-49 years, term delivery of one newborn,
and intention to feed mostly breast milk (=6 oz of formula
per day) or to feed formula only. Women could have NGT
or GDM (22) diagnosed during the third trimester of
pregnancy and had been treated only with diet. Exclusion
criteria included a history of preeclampsia, insulin-treated
GDM, hormonal contraception or intrauterine device,
pregnancy, type 2 diabetes, use of medications that in-
terfere with prolactin release or nutrient metabolism,
postpartum depression, contraindications for MRI, un-
controlled hypothyroidism, and liver or kidney disease.
Lactation intensity was defined as the proportion of maternal
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Figure 1—Research protocols. A: Visit 1. Arrows indicate times of blood draws. B: Visit 2. DXA, dual-energy X-ray absorptiometry.
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milk to formula that was fed to the infant; exclusive
lactation indicated feeding only maternal milk; and partial
lactation reflected a combination of both.

Study Visits

The overall research protocol is shown in Fig. 1, and
subjects fasted before all three study visits. Visit 1 con-
sisted of screening for inclusion and exclusion criteria,
a complete medical history and physical exam, a urine
pregnancy test, 2-h oral glucose tolerance test (OGTT),
HbA; ., hemogram and platelet count, metabolic panel with
liver and renal function, lipid panel, thyrotropin, and body
composition by dual-energy X-ray absorptiometry. During
visit 1, lactating women pumped breast milk using an
electric, hospital-grade breast pump (Ameda) between
30 and 10 min before the 75 g of dextrose. Because
prolactin levels fluctuate relative to time from nursing,
peaking around 30 min from initiation of lactation (23),
this approach allowed us to standardize the stimulation of
prolactin relative to metabolic measurements. Visit 2 in-
cluded the hyperinsulinemic-euglycemic clamp, and visit
3 included confirmation of a negative pregnancy test
followed by proton MRS of the liver using a 3-Tesla
magnet.

For the hyperinsulinemic-euglycemic clamp during visit
2, two anterograde lines were placed: one in the antecubital
region for infusate administration and the other at a site
between the wrist and the antecubital region of the
contralateral arm for blood draws. Insulin was infused at
10 mU/m?/min (low-dose step) and at 20 mU/m?/min
during step 2 (medium-dose step). Plasma glucose con-
centration was held constant at 80 mg/dL by a variable rate
infusion of 20% dextrose adjusted every 5 min using the
negative feedback principle described by DeFronzo et al.
(24). The target plasma glucose of 80 mg/dL was selected
because during lactation, fasting glucose is lower than in
formula-feeding women (6,25). The low and medium in-
sulin infusion rates were selected to mirror the low insulin
concentrations seen in postpartum women and supported
the study of metabolic changes in liver and adipose.

Later in this project, to expand the consideration of the
impact of insulin infusion on adipose fatty acid flux, data
were used from a second cohort of lactating (n = 6) and
formula-feeding (n = 4) women who were infused with
10 mU/m?*/min for step 1 and 40 mU/m*/min for step
2 (the same inclusion criteria, consenting procedures and
infusion protocol of K*[1,2,3,4-13C,] palmitate were fol-
lowed). Given the pattern of insulin suppression of adipose
fatty acid release in the first cohort, these additional data
were used to verify the insulin effect. The characteristics of
the 28 postpartum participants (18 from the main cohort
and 10 from the second cohort) are available in Supple-
mentary Tables 1 and 2.

Also, during visit 2, infusions with stable isotopes were
initiated in the fasting state (120 min before initiation
of the two-step hyperinsulinemic-euglycemic clamp), and
continued during the 4 h of the clamp (24). The i.v. line
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used for blood drawing was covered with a heating pad.
Lactating women pumped breast milk simultaneously from
both breasts for 20 min at the start of the basal fasting
period (0-20 min) and during the first 20 min of each step
of the clamp (120-140 min and 240-260 min). The plasma
insulin concentration was acutely raised during the first
10 min of each step of the clamp and maintained steady
after the prime by a continuous infusion during each 2-h
period. Measurements of glucose every 5 min and insulin
every 10 min during the last 30 min of each period were
used to calculate plasma glucose and plasma insulin at
steady state. Whole-body glucose disposal (Rq) was calcu-
lated during the last 30 min of each 2-h period. Tracer
enrichments were measured at 10-min. intervals under
basal and hyperinsulinemic conditions during the last
30 min of each phase. Glucose enrichments in plasma
and infusates were measured by gas chromatography-
mass spectrometry (Metabolic Solutions, Inc., Nashua,
NH). Plasma palmitate enrichments were measured using
a 6890N gas chromatography coupled to 5975 mass
spectrophotometry detector (Agilent Technologies, Palo Alto,
CA) as described previously (26). Fatty acid composition
was measured by 6890N gas chromatography system
(Agilent Technologies). Indirect calorimetry was per-
formed at 50-80 min, 170-200 min, and 290-320 min
during fasting and during each step of the clamp usinga V
Max Encore Calorimeter Model 29.NE (Palm Springs, CA).
For fasting concentrations of prolactin, leptin, total and
high-molecular-weight (HMW) adiponectin and estradiol,
blood was drawn during the basal period at 25 and 30 min.

Stable Isotopes, Calculations, and Statistical Analysis

Stable isotopes were purchased from Cambridge Isotope
Laboratory, Inc. (Tewksbury, MA). A primed-continuous
infusion of [U-13C6]-glucose (20 pmol/kg over 1 min,
followed by 0.4 wmol/kg/min) and a continuous infusion
of K+[1,2,3,4—13C4] palmitate (8.05 pg/kg per minute)
complexed to albumin (ratio of 2 mol fatty acid to 1 mol
albumin), were administered to quantitate endogenous
glucose production (EGP) and R, of adipose free fatty acids
(R,FFA), respectively. Rates of total R, (sum of EGP and
glucose infusion rate) and R4 were determined using
Steele’s non-steady-state equations (27). To calculate
NIMGU, a model similar to that published by Jumpertz
et al. (28) was used. Accordingly, for each subject, the
steady-state Rq glucose (y-axis) was plotted against the
respective steady-state insulin concentrations (x-axis) dur-
ing basal, low, and medium insulin infusion rates. Using
these data, individual linear regression equations were
calculated and Ry glucose at theoretical zero insulin con-
centration was extrapolated. The NIMGU reported is the
mean for each group. The change in glucose disposal (ARg)
was calculated as relative to the change in plasma insulin
(Alnsulin) at steady state, according to the convention of
Jensen and Neilsen (29) and Donner et al. (30). R,FFA
was calculated as described previously (26), and FFA
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Table 1—Characteristics of postpartum subjects
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Demographics and anthropometrics Lactating (n = 12) Formula (n = 6) P value
Age (years) 34 +3 33 +3 0.54
Parity 3.1 £0.8 2514 0.37
Maternal weight (kg)

Before pregnancy 74 = 15 71 =10 0.68

Term 84 + 15 82 = 10 0.76

At 6 weeks postpartum 75 + 16 72 £ 8 0.52

Retention at 6 weeks postpartum 1.5 4.0 04 =22 0.45
BMI at 6 weeks postpartum (kg/m?) 30.0 £ 5.0 30.7 £ 2.0 0.70
WHR at 6 weeks postpartum 0.95 = 0.04 0.97 = 0.06 0.38
Intrahepatic lipid (%) 8.7 = 4.6 104 = 6.5 0.59
DEXA at 6 weeks postpartum (kg)

Body fat 31.3 = 104 29.9 = 4.9 0.70

FFM 419 = 5.7 39.9 = 3.9 0.39
Infant birth weight (kg) 3.54 = 0.40 3.44 = 0.55 0.73
Exclusive lactation (%) 83 0 <0.0001
Amount of formula fed (oz) 14 £ 27 24.0 £ 0.0 <0.0001
Gestational age at delivery (days) 276 = 6 279 = 9 0.60
History of GDM

All pregnancies except for last (%) 0 0

Most recent pregnancy (%) 75 50 0.36
Family history of type 2 diabetes (%) 67 67 1.00

Data are mean = SD unless otherwise indicated. DEXA, dual-energy X-ray absorptiometry; WHR, waist-to-hip ratio.

flux measurements were also normalized to insulin
concentrations.

We calculated total area under the curve (AUC) values
for glucose, insulin, and FFA using the trapezoidal rule. We
used previously published equations to calculate HOMA
for insulin resistance (HOMA-IR) and Adipo-IR (31). The
Insulin Secretion Sensitivity Index 2, a measure analogous
to the disposition index obtained from the intravenous
glucose tolerance test, was calculated as the product of
(AUCinguiin/AUCglucose) and Matsuda Index (32). The Stum-
voll first-phase insulin secretion index was calculated as
1,194 + (4.724 X Insg) — (117.0 X Glucgo) + (1.414 X
Insgp). The Stumvoll second-phase index was calculated as
295 + (0.349 X Insgg) — (25.72 X Glucgg) + (1.107 X
Insgp) (33). The Stumvoll indices use glucose in mmol/L and
insulin in pmol/L. We converted the final insulin results
from pmol/L to wU/mL.

Subject characteristics are presented as mean * SD or
median (25th-75th percentile). Two group comparisons
were made using t tests or the Wilcoxon rank sum. Mixed-
effects model repeated-measures analysis was conducted
to simultaneously evaluate responses to infusion rates (0,
10, 20 mU/m?/min) and feeding method. Interactions
between feeding method and infusion rates were assessed
with repeated-measures analysis. As warranted, log or
square-root transformations were made prior to analysis
to meet assumptions of normality or variance homogene-
ity. Where assumptions were uncertain, nonparametric
tests were made to assess robustness of parametric results.
In the lactating group, Spearman correlation analyses were

used to evaluate the associations between prolactin and
other variables. A two-sided P value =0.05 was considered
statistically significant. P values were not adjusted for
multiple testing. Statistical analysis was performed with
SAS version 9.4 (SAS Institute, Cary, NC).

Assays and Equipment

Glucose concentrations were analyzed by YSI (Model
2300-D Stat Plus; Yellow Springs, OH) and insulin by
ELISA (ultrasensitive ALPCO kit 80-INSHUU-E01.1). The
detection limit of the assay was 0.135 pwU/mL. Each subject
had 30 insulin duplicates during the clamp study. The
intra-assay coefficient of variation with 30 samples ranged
3.0-6.0% (mean 4.2%). Leptin (kit HADK2MAG-61K; Milli-
pore) and total and HMW adiponectin (kit 80-ADPHU-E01;
ALPCO) were analyzed by ELISA and FFA by a colorimetric
method (#991-34891; Wako). Prolactin and estradiol con-
centrations were analyzed by Quest clinical laboratories.

Data and Resource Availability
The data sets generated during the current study are
available from the corresponding author upon reasonable
request. No applicable resources were generated or ana-
lyzed during the current study.

RESULTS

Anthropometrics and Demographics

Data collection took place during three visits at weeks
53 *0.7,6.4 = 0.8,and 7.1 = 0.7 postpartum for visits 1,
2, and 3, respectively. As shown in Table 1, women who



1628  Insulin, Glucose, and Lipids During Lactation

Diabetes Volume 69, August 2020

Table 2—Biochemistries, metabolic indicators, insulin sensitivity, and plasma hormones at 6 weeks postpartum

Lactating (n = 12) Formula (n = 6) P value
Biochemistries and metabolic indicators
HbA. in percent (mmol/mol) 5.8 = 0.3 (40) 5.5 + 0.3 (37) 0.05
Fasting glucose (mg/dL) 839 87 =4 0.17
Fasting insulin (uU/mL) 26 £ 23 40 = 2.7 0.30
Fasting FFA (mmol/L) 0.61 = 0.12 0.67 *= 0.08 0.28
Total cholesterol (mg/dL) 197 = 24 200 = 50 0.92
HDL cholesterol (mg/dL) 51 = 12 45 + 5 0.12
Triglycerides (mg/dL) 125 = 63 171 = 95 0.31
LDL cholesterol (mg/dL) 121 = 21 120 = 34 0.96
Matsuda Index 10.5 = 8.8 7.6 =53 0.40
HOMA-IR 1112 1512 0.54
Adipo-IR 3.2 £ 39 46 = 3.0 0.42
Insulin secretion sensitivity index 2 2.0 *= 0.6 25*+12 0.36
First-phase Stumvoll (nU/mL) 102 = 72 168 = 100 0.19
Second-phase Stumvoll (uU/mL) 29 = 17 45 + 25 0.21
Fasting RQ 0.82 = 0.10 0.86 *= 0.03 0.17
Clamp step 1 RQ 0.84 + 0.08 0.90 =+ 0.06 0.08
Clamp step 2 RQ 0.88 = 0.10 0.93 *= 0.09 0.33
OGTT
Plasma glucose AUC (g/dL) - min 18.3 = 2.1 16.0 = 54 0.20
Plasma insulin AUC (mU/mL) - min 49 + 3.2 71 £59 0.49
Plasma FFA AUC (mmol/L) - min 36.4 = 7.0 40.6 = 11.7 0.35
NGT:IFG:IGT:Combined IFG and IGT 4:1:7:0 4:0:1:1 0.24
Hormone concentrations
Prolactin (ng/mL) 276 *= 142 115 <0.001
Total adiponectin (ng/mL) 4.05 = 1.06 413 = 1.14 0.89
HMW adiponectin (ng/mL) 1.98 = 0.80 1.99 = 0.63 0.99
HMW/total adiponectin 0.47 = 0.09 0.48 = 0.05 0.92
Leptin (ng/mL) 5.15 = 4.06 6.76 = 2.08 0.28
Total adiponectin/leptin (wg/mL per ng/mL) 1.12 = 0.65 0.64 = 0.22 0.04
Estradiol (pg/mL) 26.5 = 14.6 742 * 27.8 0.01

Data are mean = SD unless otherwise indicated. Adipo-IR is calculated from fasting plasma FFA and insulin. IFG, impaired fasting
glucose; IGT, impaired glucose tolerance; NGT, normal glucose tolerance; RQ, respiratory quotient.

were lactating or formula-feeding were well matched for
anthropometric characteristics including parity, prepreg-
nancy weight, maternal term weight, maternal weight at
6 weeks postpartum, retention of weight at 6 weeks post-
partum, BMI, waist-to-hip ratio, body composition, infant
birth weight, and gestational age at delivery. Demographic
data revealed that 75% of women who were lactating had
a history of GDM, whereas 50% of women who were
formula-feeding had a history of GDM during their
most recent pregnancy (P = 0.36). Additionally, 67% of
the lactating women and 67% of formula-feeding women
had a family history of type 2 diabetes.

Biochemical Measurements

As shown in Table 2, except for their HbA, levels (P =
0.05), both groups were matched for fasting concentra-
tions of plasma glucose, insulin, FFA, lipid profiles, and for
all measures of insulin sensitivity and secretion derived
from fasting measurements and the 2-h OGTT. Plots of the
OGTT with both glucose and insulin values are available in
Supplementary Fig. 1. The respiratory quotient did not
differ between the groups. As expected, prolactin levels
were significantly higher (P < 0.001) and estradiol levels

significantly lower (P = 0.01) in lactating women com-
pared with formula-feeding women. No differences were
observed between groups for concentrations of adiponec-
tin and leptin. However, the adiponectin/leptin ratio was
significantly higher (P = 0.04) in the lactating women
compared with formula-feeding women.

Metabolic Adaptations in Lactating Women

As shown in Fig. 2, during the hyperinsulinemic-euglycemic
clamp, the insulin infusion rates (Fig. 24), plasma insulin
concentrations (Fig. 2B), and glucose levels (Fig. 2C)
achieved steady state in both groups during the last
30 min of each clamp step. However, compared with
formula-feeding women, lactating women required higher
glucose infusion rates during step 1 (P = 0.04) (Fig. 2D).
Interestingly, lactating women also exhibited a 1.3-fold-
higher rate of basal EGP when measured in absolute units
(4.22 = 0.82 mg/kg fat-free mass [FFM]/min in lactating
and 3.20 * 0.39 mg/kg FFM/min in formula-feeding
women) (P = 0.01) (Fig. 3A). When basal EGP was nor-
malized for insulin, lactating women showed a 2.6-fold-
higher rate (3.06 * 2.17 and 1.20 = 0.84 (mg/kg FFM/
min)/(nU/mL) in lactating and formula-feeding women,
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respectively) (P = 0.02) (Fig. 3B). However, the suppres-
sion rates of EGP were not different between the groups
during the clamp (P = 0.54) (Fig. 3C). Additionally,
lactating women also increased their absolute Ry glucose
compared with formula-feeding women (P = 0.03) (Fig.
3D). Both groups increased Ry glucose as insulin infusion
rates increased during the clamp (P < 0.0001) (Fig. 3D).
The group differences in Ry glucose were less apparent
when normalized for the amount of insulin given during
the clamp (P = 0.09) (Fig. 3E). Lactating women demon-
strated higher glucose uptake at the lower basal insulin
concentrations. Ry glucose analyzed across increasing lev-
els of insulin, demonstrated that lactating women propor-
tionally took up more glucose within the lower ranges of
insulin concentrations.

The process of NIMGU does not include the effect of
basal insulin on glucose uptake and represents 70-90% of
the basal Ry in normoglycemic nonpregnant, nonpostpar-
tum humans (34-37). In the current study, the mean
NIMGU in lactating women was 1.95 = 0.68 mg/kg total
body weight/min or 81% of the mean basal EGP (data not
shown). In the formula-feeding group, mean NIMGU was
1.41 * 0.35 mg/kg total body weight/min or 79% of their
mean basal EGP. Although the difference in absolute
NIMGU between the groups was significant at P = 0.04,
the proportion of basal EGP that was NIMGU was not
different between the groups (P = 0.72).
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With regard to FFA metabolism, FFA concentrations,
basal R,FFA, R,FFA during the clamp, and suppression
of R,FFA from basal rates were similar between the two
groups (Fig. 4A-D). Adjusting R,FFA for insulin concen-
trations showed a trend for a difference between the
groups in the basal state (Fig. 4E) but not during the clamp
(Fig. 4F). The shapes of the R,FFA curves from fasting to
step 1 and step 2 were used to model the insulin concen-
tration needed to reduce R,FFA by 50% (half-maximal
effective concentration [ECsy] R,FFA). The ECsy for the
subjects studied at low and medium insulin infusion rates
(depicted in Fig. 5 as gray symbols) appeared to support
a higher insulin need to suppress adipose R,FFA in the
formula-feeding subjects. To expand the sample size and
more fully assess the adipose effect over a wider range of
insulin concentrations, we added to the data set, results
from 10 additional subjects who underwent higher in-
sulin infusion rates during step 2 (40 mU/m?/min). The
ECsg data from three lactating and four formula-feeding
women are shown as black symbols in Fig. 5. Only 7 of
the 10 subjects were added because 2 of them received
no isotopes and 1 did not reach 50% suppression of
R,FFA with the high-dose infusion. Combining data
from both clamp groups, the calculated ECsq was signif-
icantly lower for lactating women (6.07 = 3.34 wU/mL)
compared with formula feeding women (9.42 * 4.94
wU/mL, P = 0.03).
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Figure 3—EGP, EGP suppression, and whole-body glucose disposal. A: Basal EGP without adjustment for basal insulin concentration. B:
Basal EGP with adjustment for basal insulin concentration. C: EGP suppression. D: Ry glucose without normalization for insulin
concentrations at basal state and at low and medium insulin infusion rates. E: Rq glucose with normalization for insulin concentrations
at basal state and at low and medium insulin infusion rates. Data are mean =+ SD for lactating (n = 12, filled circles) and formula-feeding (n = 6,

open circles) women.

Impact of Elevated Prolactin During Lactation

Higher prolactin levels are a distinguishing trait of lactat-
ing women and here, the range of prolactin concentrations
in the lactating women was significantly associated with
a greater suppression of R,FFA during the clamp step
1(r = —0.52, P = 0.04) (Fig. 6A). A trend was observed for
the suppression of FFA concentration during the clamp
(r = —0.39, P = 0.11) (Fig. 6B). Higher prolactin concen-
trations in lactating women were also associated with lower
intrahepatic triglyceride (TG) (* = —0.62, P = 0.006) (Fig. 6C)
and lower plasma TG concentrations (r = —0.57, P = 0.01)
(Fig. 6D).

DISCUSSION

Milk production is a dominant metabolic process during
lactation, which means that nonmammary tissues have to
adapt to meet the metabolic demands of the mammary
gland during fasting and feeding (7). For example, glucose
transport and lipoprotein lipase activity increase in mam-
mary epithelium and decrease concurrently in adipose
tissue (38,39). Although past human studies have focused
on the potential influence of lactation to increase periph-
eral insulin sensitivity (primarily thought to occur in
muscle), few studies have focused on the metabolic effects
of breastfeeding on liver and adipose. Further, past studies
have investigated fasting and insulin-stimulated glucose
metabolism in lactating women and compared those data
to results from nonlactating, nonpostpartum (and often
leaner) women as the control group (3,5,20). To control for
overall postpartum effects, the current study investigated
women at 6 weeks postpartum, either lactating or formula-
feeding their infants. Further, the subjects were closely

matched for body composition, pregnancy and delivery
history, and blood biochemistries. Low and medium levels
of insulin were infused in a two-stage clamp to investigate
liver and adipose metabolism and the findings considered
in light of the large amount of literature existing on
mammary glucose uptake in mammals. The results high-
light the importance of peripheral organ metabolic co-
ordination, particularly in the fasting state when it may
be an advantage for peripheral tissues to exhibit insulin
resistance, rather than increased insulin sensitivity.

Glucose and Fatty Acid Turnover

Focusing first on the fasting state, lactating and formula-
feeding women exhibited low insulin concentrations that
are characteristic of the postpartum period, relative to
nonpregnant and nonpostpartum women, regardless of
infant-feeding method (40). Even at these low insulin
levels, compared with women who were formula-feeding,
lactating women had 2.6-fold-greater basal EGP (P = 0.02).
Then, under hyperinsulinemic-euglycemic low and medium
insulin infusion rates, both groups of postpartum women
achieved similar suppression rates of EGP. With regard to
adipose metabolism, a novel contribution of this study was
the 2.3-fold-greater rates of lipolysis (P = 0.09 for trend) in
the fasting state. Tigas et al. (5) used a long (22 h) fasting
protocol to measure R,Glycerol and found high levels of
lipolysis that did not differ between lactating and non-
postpartum women. Those levels were twofold higher than
levels observed in other studies of 12 h fasted healthy and
obese subjects (41,42) and long fasting protocols may limit
the ability to detect differences in metabolism due to
lactation. We calculated the concentration of insulin needed
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Figure 4—Hyperinsulinemic-euglycemic clamp FFA concentrations and rates of lipolysis. A: FFA during the clamp. B: R,FFA in the basal
state. C: RyFFA during clamp conditions. D: R,FFA suppression. E: R,FFA adjusted for insulin in the basal state. F: R;FFA adjusted for insulin
during clamp conditions. Data are mean *+ SD for lactating (n = 12, filled circles) and formula-feeding (n = 6, open circles) women.

to half-maximally suppress lipolysis (the ECsy R,FFA) and
found it to be 36% lower in lactating women compared with
the formula-feeding women (P = 0.03). Both groups’ ECs,
insulin concentrations appeared lower than the values of
18.7 = 3.8 pU/mL calculated in similarly obese, but non-
postpartum, nonlactating women (29). Thus, an improved
adipose insulin sensitivity in the postpartum period may be
further augmented by lactation. Lastly, a related but some-
what surprising observation was that within the lactating
group, women with the highest prolactin concentrations
exhibited better insulin-mediated suppression of lipolysis
which resulted in the lowest levels of intrahepatic lipid and
plasma TG, the latter being indicative of low liver fat since
liver-derived VLDL carry the majority of plasma TG in the
fasting state (26). These data provide a metabolic mecha-
nism for the observation of Ajmera et al. (43), who found
through a retrospective analysis that a longer duration of
lactation was associated with a lower incidence of hepatic
steatosis in the Coronary Artery Risk Development Study in
Young Adults (CARDIA) study.

Glucose Uptake/Transport

The increases in fasting EGP in lactating women presented
here were of similar magnitude to that in the studies of
Haymond and colleagues (5,20). The net effect of glucose
uptake regulation during lactation is to redistribute glu-
cose to tissues that have an absolute requirement like
brain and the mammary gland. Mammary gland glucose
transport is mediated by the insulin-independent GLUT,
GLUT1 (38), and low circulating insulin concentrations,
such as during basal conditions and during the insulin
infusion rates in this study, would favor systemic GLUT1-

mediated glucose uptake (44). Lactation in animal models
and transgenic overexpression of GLUT1 in skeletal mus-
cle result in increased NIMGU and decreased insulin-
mediated glucose uptake (45,46). These observations and
the fact that the clamp conditions resulted in insulin
concentrations below that needed to promote preferential
glucose uptake by insulin-sensitive pathways, make it
likely that glucose uptake was predominantly mediated
by mechanisms independent of insulin.

NIMGU During the Postpartum Period

NIMGU represents 70-90% of the basal EGP in normo-
glycemic nonpregnant, nonpostpartum humans (34-37)
and was calculated here using a model similar to that
published by Jumpertz et al. (28). Mean NIMGU in the
lactating subjects was 1.95 mg/kg total body weight/min or
81% of mean basal EGP. If NIMGU in brain and other
tissues equals 1.40 mg/kg total body weight/min (35), then
lactating mammary tissue contributed 0.55 mg/kg total
body weight/min to NIMGU. In the lactating subjects with
mean body weights of 75.3 kg, this equated to 60 g of
glucose/day which is in good agreement with the published
mammary glucose uptake of 50-75 g/day (5,47). By con-
trast, in the formula-feeding group, the mean NIMGU was
1.41 mg/kg total body weight/min (79% of basal EGP)
which was nearly identical to the 1.40 mg/kg total body
weight/min estimated to go to brain and other tissues (35).
Thus, in the nonlactating subjects, the contribution of the
involuting mammary tissue to NIMGU was negligible
(0.01 mg/kg total body weight/min. or about 1 g of
glucose/day). We assumed that total NIMGU, including the
contribution of the lactating mammary gland to NIMGU,
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of R4FFA. Data represent the ECsoq R;FFA. Each gray-filled symbol
represents datum from a lactating or formula-feeding woman who
underwent the two-step hyperinsulinemic-euglycemic clamp at low
and medium insulin levels (10 and 20 mU/m?/min, respectively). Only
16 of the 18 subjects are reported in the main analysis because
2 subjects did not reach 50% suppression of R,FFA with the
medium-dose infusion. To increase the sample size and to determine
whether the choice of clamp protocol insulin levels influenced the
calculated EC5o R.FFA, an additional group of lactating and formula-
feeding women (black-filled symbols) underwent an insulin infusion
at 10 and 40 mU/m?/min insulin. Only 7 of the 10 subjects are
reported from this additional group because 2 did not receive
isotopes and 1 did not reach 50% suppression of R;FFA with the
high-dose infusion. The box and whiskers graph represent minimum,
maximum, median, and 25th and 75th percentiles. Lastly, the hor-
izontal dotted line represents data from a published study (29) in
nonpregnant, nonlactating women for comparison. In that study, the
ECso was calculated from a two-step clamp using insulin infusions of
0.25 and 2.5 mU/kg FFM/min (equivalent to 6 and 60 mU/m2/min
when put in the units used in present study).

remains stable during basal and clamp conditions. We also
considered that R4 glucose obtained during clamp stud-
ies included a NIMGU component. Because of that, we
estimated insulin-mediated glucose uptake by subtracting
the total estimated NIMGU (from mammary and non-
mammary tissues) from R4 total during both steps of the
clamp. Using this approach insulin-mediated glucose up-
take was similar in both groups at low and medium insulin
infusion rates (data not shown). Thus, it is likely that
under the current study conditions, a large proportion of
total glucose uptake was not mediated by insulin and that
the mammary contribution to Rgq via NIMGU suggests
refinement of the term insulin sensitivity may be needed
to take organ-to-organ coordination into consideration.

Postpartum Hormones

The intensity and duration of exposure to the lactation
stimulus may influence tissue-specific responses to glucose
as a result of changes in hormones, particularly prolactin,
insulin, adiponectin, leptin, and estradiol. Prolactin is
critical for the initiation of lactation, and its concentra-
tions will decrease with time postpartum in all lactating
women regardless of lactation intensity (48). Higher
prolactin concentrations have been associated with lower
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adiponectin and insulin concentrations as well as lower
insulin secretion rates during the postpartum period
(5,13,49,50). The low adiponectin levels observed here
further support the concept of peripheral insulin resis-
tance, as has been shown in the general population (51).
We speculate that reliance on NIMGU through GLUT1
during this period may promote a decrease in serum
adiponectin. It has been shown that a proportion of
adipocyte adiponectin is secreted at low insulin levels and
increases in adipocyte glucose uptake via stimulation of
the hexosamine pathway decrease both serum adiponec-
tin and skeletal muscle glucose uptake (52). Thus, in-
creased uptake of glucose by GLUT1 in adipose tissue
could induce a secretory signal, such as low serum adi-
ponectin intended to restrict glucose uptake in skeletal
muscle and adaptively affect systemic glucose utilization
to support lactogenesis. Lastly, lower estradiol levels are
also a characteristic of lactating compared with formula-
feeding women at 6-8 weeks postpartum (53). It has been
proposed that lower physiologic levels of estradiol may
contribute to lower fasting glucose and lower fasting
insulin (53).

Glucose Tolerance, Insulin Secretion, and Insulin
Sensitivity During Lactation in Women With and Without
GDM
We have compared our results with those from five studies
in which the postpartum participants were grouped by
lactation status between 1 and 5 months postpartum. One
study included women with NGT during pregnancy (53),
another study included women with a spectrum of glucose
tolerance during pregnancy (49), and three studies only
included women with recent GDM (54-56). These studies
reported lower fasting glucose and lower fasting insulin in
the lactating groups regardless of prenatal glucose toler-
ance (53,55). Lactating women with and without a history
of GDM appeared to have similar insulin secretion by
Stumvoll indices after adjusting for BMI (49). The studies
that only included postpartum women with recent GDM
reported lower 2-h glucose, lower total AUC glucose or
lower 2-h insulin in lactating compared with formula-
feeding women (54,55). In addition, breastfeeding for
15 min during the 2-h OGTT decreased 2-h glucose levels
by 5% on average at 6-9 weeks postpartum (56).
Current guidelines recommend reevaluation of glucose
tolerance at 4-12 weeks postpartum among women with
GDM (57). HbA, . testing is not routinely performed before
12 weeks postpartum to avoid interference with the in-
terpretation of glycemic status by changes in RBC turn-
over, blood loss or prenatal glucose profile. The lactating
women reported in the current study had a higher HbA;,
than the formula-feeding group. Although one possible
explanation for this is the higher number of mothers with
GDM in the lactating group, we observed similar HbA;,
levels in lactating women with and without a history of
GDM (Supplementary Table 2). A group of investigators
in Norway investigated the prevalence of HbA;. =5.7%
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Figure 6 —Relationships between prolactin and metabolic parameters. A: Data (filled circles) represent the relationship between prolactin
concentration and suppression of R,FFA in lactating women during step 1 of the clamp (10 mU/m?/min insulin). Data from the nonlactating
(formula-feeding, open circles) women were not included in these correlations (prolactin concentration = 11 = 5 ng/mL). B-D: Relationships
between the lactating women'’s prolactin concentrations and the percent suppression of FFA concentrations during step 1 of the clamp (B),

intrahepatic TG levels (C), and fasting plasma TG concentrations (D).

(=39 mmol/mol) at 14 weeks postpartum in a multiethnic
group of 570 women with and without history of GDM.
At 14 weeks postpartum they found a prevalence of
HbA;. =5.7% for the total population of women without
GDM of 17.6%. This study did not comment on lactation
status (58). As for insulin sensitivity, a decrease of 50%
between prepregnancy and late third trimester is a phys-
iologic change independent of glucose tolerance during
pregnancy (1,2,59). The clamps reported in the literature
during lactation are from women with NGT (6).

Limitations

The primary limitation of this study relates to the nature
of investigations utilizing hyperinsulinemic-euglycemic
clamps and isotopic labeling which require intensive pro-
tocols that typically limit the sample size. These methods
have an additional subject burden in new mothers who
are challenged with the added activities of taking care of
infants and alterations in their daily schedules and sleep-
ing patterns. Even with these challenges, studies in this
population provide critical information that is important
to discovery of how the hormonal environment postpar-
tum, and lactation status in particular, impact maternal
health. Another limitation is our higher number of mothers
with GDM and postpartum impaired glucose tolerance
(IGT) in the lactating group, which may not be represen-
tative of the lactating population with prenatal and post-
natal NGT. However, this is a group of strong clinical

interest. Lastly, somatostatin was not infused during the
clamp to calculate NIMGU, and except for insulin, all
hormones were only measured in the basal state.

Conclusions

This study investigated the effect of the low insulin
environment in postpartum women on hepatic glucose
production, adipose FFA release, and intrahepatic lipid.
High prolactin may stimulate nonmammary tissues to
adapt to meet the metabolic demands of the mammary
gland during fasting and feeding, which is optimized by the
mammary gland’s higher NIMGU and fatty acid uptake.
The present data suggest that lactation drives EGP and
lipolysis in the fasting state to support lactogenesis. By
contrast, in the fed state (mimicked here by the clamp)
elevated prolactin balances these effects by suppressing
lipolysis when dietary substrates are available for milk
production. These forces would be predicted to protect
against liver lipid accumulation and hyperlipidemia, even
in obese subjects and highlight the need for future studies
to investigate the impact of prolactin on fatty acid flux
outside the mammary gland. Lastly, these data suggest
that adaptations in glucose transport may confound the
interpretation of whole-body and tissue-specific sensitivity
to insulin in postpartum for women in general and par-
ticularly among lactating women. Future research, using
methods that provide tissue-specific information on glu-
cose and fatty acid uptake and handling will be required to
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more deeply probe the physiological impact of lactation on
the cross-organ coordination of metabolic flux. Clamps
limited to an acceptable number of hours for postpartum
women would target suppression of insulin secretion and
maximal insulin responses in glucose uptake. Optimally,
investigations in this area will consider the contributions
of time postpartum, intensity and duration of lactation
to the outcome variables. These approaches would clarify
the contribution of skeletal muscle to whole-body insulin
sensitivity and responsiveness during lactation.
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