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ABSTRACT
Background: No evidence-based recommendations exist concern-
ing what dietary macronutrient composition optimizes weight loss
during lactation while maintaining milk production.
Objectives: The study was designed to test the following hypothe-
ses: compared with a reduced-calorie, high-carbohydrate (H-CHO)
diet, an isonitrogenous, isocaloric high-fat (H-F) diet will decrease
milk production and carbohydrate oxidation, increase gluconeogen-
esis and hexoneogenesis, and not affect energy balance.
Design: Seven healthy lactating mothers and their infants were
studied on 2 occasions in random order for 8 d separated by 1–2
wk. On one occasion, the subjects received the H-F (30% of energy
as carbohydrate and 55% as fat) diet and on the other occasion
received the H-CHO (60% of energy as carbohydrate and 25% as
fat) diet. Milk production, infant intakes, and substrate and hormone
concentrations were measured. Glucose rates of appearance, pro-
duction, gluconeogenesis, glycogenolysis, and hexoneogenesis were
measured by using stable-isotope gas chromatography–mass spec-
trometric techniques, and energy expenditure and substrate oxida-
tion were measured by using indirect calorimetry.
Results: Milk volume, lactose, and protein concentrations were
unaffected. Milk fat, energy, and infant intakes were higher (P ,

0.05) during the H-F diet. Neither gluconeogenesis nor hexoneo-
genesis was different. During the H-F diet, energy expenditure and
fat and protein oxidation rates were higher (P , 0.05), and the daily
energy balance deficit was greater (P , 0.01).
Conclusions: Milk fat, energy output, and energy expenditure were
higher during the H-F diet, which resulted in a greater negative
energy balance. The lactating mothers adapted to a low carbohy-
drate intake by decreasing carbohydrate oxidation. Additional stud-
ies are warranted to determine whether a hypocaloric H-F diet might
promote weight loss to a greater extent than the H-CHO diet while
maintaining milk production. Am J Clin Nutr 2009;89:1821–7.

INTRODUCTION

Obesity is an increasingly serious health concern. The evi-
dence that excessive postpartum weight retention contributes to
the development of obesity (1, 2) and obesity-related diseases
underscores the need for guidelines for weight loss during lac-
tation. The use of low-calorie and/ or low-carbohydrate diets to
facilitate body weight loss during lactation could result in re-
duced milk production, elevated plasma lipids, prolonged ke-
tosis, and diet-related deficiencies in micronutrients and fiber.

However, no published studies have compared the effects of low-
carbohydrate with high-carbohydrate diets on maternal health
and/or milk volume and composition (3).

Numerous metabolic adaptations occur during lactation to
support milk synthesis without jeopardizing maternal substrate
homeostasis while optimizing the delivery of appropriate amounts
of substrates for the suckling infant (4). We previously showed
that, in the postabsorptive state, lactating women have a glucose
production rate that is 35% higher than that of control women.
This elevated glucose production resulted from a higher rate of
glycogenolysis because the rates of gluconeogenesis were es-
sentially identical between the lactating and control women (5).
In addition, we showed that a significant portion of lactose is
derived from de novo synthesis of glucose and galactose within
the breast—a process that was termed hexoneogenesis (6). This
might serve to compensate for dietary carbohydrate in main-
taining lactose production.

In the present studies, we addressed the effect of the dietary
macronutrient distribution in the context of a reduced calorie
intake on metabolic events and milk production. We hypothesized
that, when compared with a reduced-calorie high-carbohydrate
(H-CHO) diet over an 8-d period, an isonitrogenous, isocaloric
high-fat (H-F) diet will 1) decrease milk production; 2) decrease
endogenous carbohydrate oxidation, increase glucose produc-
tion via gluconeogenesis, and increase hexoneogenesis in the
mammary gland; and 3) not affect the energy deficit (index of
weight loss).
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SUBJECTS AND METHODS

Subjects

After the protocol was approved by the Institutional Review
Board and the Scientific Advisory Committee of the General
Clinical Research Center (GCRC) at Baylor College of Medicine,
written consent was obtained from 7 healthy females. The initial
recruitment was initiated in October 2006. No attempt was made
to select subjects on the basis of ethnicity, which resulted in 2
African American, 2 white, and 3 Hispanic women. The women
[age: 29.3 6 1.0 y; weight: 60.0 6 1.0 kg; BMI (in kg/m2) 23.2 6

0.5] and their infants (age: 10.0 6 2.0 wk; weight: 5.4 6 0.5 kg)
had normal results from physical examinations and liver func-
tion tests and normal fasting blood glucose and hemoglobin
concentrations. None of the women had a history of gestational
diabetes or had a first-degree relative with diabetes. Other than
routine postpartum vitamins and mineral supplements pre-
scribed by their physician, none was taking any medications. All
women studied had a negative pregnancy test at the time of
study. To exclude any pregnancy or immediate postpartum-
related changes, all lactating women were studied between 6 and
14 wk postpartum.

Protocol

Each woman was studied on 2 occasions for 8 d separated by
1–2 wk. On each study occasion, the subject was admitted to the
GCRC for 4 d and 3 nights. The subjects were randomly assigned
to receive either a low-carbohydrate, high-fat (H-F: 30% car-
bohydrate, 55% fat, and 15% protein) diet on one occasion and
a high-carbohydrate, low-fat (H-CHO: 60% carbohydrate, 25%
fat, and 15% protein) diet on the other occasion. The fructose
content of both diets was approved at 20% of the total carbo-
hydrate content (7).

Total energy intake for each woman was calculated as 1.3
times the basal metabolic rate (BMR). BMR was estimated by
using the Harris Benedict equation:

BMR ðkcal=dÞ ¼ 9:56 3 weight ðkgÞ1 6:25

3 height ðcmÞ2 4:68 3 age ðyÞ1 655 ð1Þ

The 1.3 BMR value corresponds to a low activity level, which
was the case for these breastfeeding mothers. We estimated that
the deficit in calories would be equal to milk energy output, which
was ’500 kcal/d on average. Subjects were interviewed by the
research dietitian, and food preferences were established from
a list of common commercially available foods of known
macronutrient composition. Diets were then created to achieve
the designed macronutrient composition. For 4 d before ad-
mission, 3 meals and 3 snacks daily were weighed, prepacked,
and sent to the subject’s home by our research kitchen. An ex-
ample of a 1-d menu of the H-F and H-CHO diets is presented
elsewhere (see Supplemental Appendix 1 under ‘‘Supplemental
data’’ in the online issue). The subjects were asked to report any
additional foods consumed and were thoroughly instructed that
they were to eat only the food provided. Nonconsumed food was
returned to the kitchen and examined for constituents; the en-
ergy and macronutrient composition of the consumed food was

calculated by subtracting the nonconsumed food from the total
food delivered to the subject. Our research dietitian was in
frequent telephone contact with the subjects to ensure compli-
ance with the diet. If necessary, the amount and/or food items
were adjusted during the first couple of days; although the mac-
ronutrient composition and intake were maintained. We made no
independent assessment about whether any of the subjects con-
sumed any additional food. The total energy intake and distribu-
tion of energy from carbohydrate, fat, and protein were analyzed
by using the Minnesota Database System (NDS 2007; University
of Minnesota, Minneapolis, MN) as previously described (7).
Throughout the study period at home, the women were asked to
feed their infants on demand. When the feeding was complete,
they were instructed to use a breast pump to empty their breasts of
residual milk and to become familiar with the pump.

After the 4-d diet period at home, the subjects were admitted at
(’1600) to the GCRC for 4 d and 3 nights. During the first 3 d, the
subjects received the same intake and diet composition as that
consumed at home. During the stay in the GCRC, the women
breastfed their infants every 3 h and expressed 2.5 mL milk from
each breast at the beginning, middle, and end of feeding (a total of
15 mL per feeding). Milk samples for each collection time were
pooled for milk analyses. The infants were weighed before and
after each breastfeeding to estimate the milk volume consumed
(assuming the density of milk is 1.03 g/mL) (8). After breast-
feeding, the mothers again were asked to empty their breasts
completely using the breast pump. This extra milk was weighed.
The milk volume produced during each feeding was calculated
from the sum of what the baby fed and pumped milk. Over study
days 2–3, a 24-h urine collection was performed for measure-
ment of total urinary nitrogen.

On the evening of day 3, the subjects were served dinner at
1800 and a snack at 2000. Thereafter, except for water, the
subjects fasted until 0900 the following morning (day 4). In the
evening of study day 3, 2 intravenous catheters were placed after
the application of ELAMAX cream analgesia (Astra Pharma-
ceuticals, Wayne, PA). One catheter was placed in an antecubital
vein for isotope infusion and a second in a vein in the contra-
lateral arm for blood sampling. At 0400 on study day 4, a primed
constant infusion of [U-13C]glucose (61 6 0.7 lmol/kg, 1.02 6

0.01 lmol � kg21 � min21) was initiated to measure the glucose
rate of appearance (Ra) and glucose production from gluco-
neogenesis. At 0300, a baseline blood sample (10 mL) was
obtained. Subsequently, 5 mL blood was drawn at 0700 and
every 15 min from 0800 to 0900.

From 0900 to 1600, the women consumed small meals ev-
ery 15 min. The food had the same composition and provided
the same calories as that consumed over the previous week.
At the initiation of the feedings, a second priming dose of
[U-13C]glucose (161 6 4 lmol/kg) was given, and the infusion
rate was increased to 2.7 6 0.1 lmol � kg21 � min21 to maintain
sufficient [U-13C]glucose enrichment to measure accurately
the rate of gluconeogenesis. Blood was subsequently drawn at
1400 and every 15 min from 1500 to 1600. A baseline milk
sample was obtained at 0300 followed by the collection of
samples at 0900, 1200, and 1600 to determine the enrichment
of [U-13C]glucose and [U-13C]galactose in milk lactose. Fi-
nally, indirect calorimetry was performed hourly between 0700
and 0900 and from 1400 to 1600 for the measurement of
substrate oxidation rates.
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Materials

b-Galactosidase (Escherichia coli, grade VIII, 740,000 U/g)
was obtained from Sigma-Aldrich Corp (St Louis, MO). Barium
hydroxide (0.3 N), zinc sulftae (0.3 N), D-(1)glucose (dextrose,
corn sugar), D-(1)galactose, and D-lactose (monohydrate) were
purchased from Sigma-Aldrich Corp. All organic solvents were
HPLC grade. [U-13C] glucose (99 atom%) was purchased from
Cambridge Isotope Laboratory (Andover, MA).

Substrate and hormone concentrations

Plasma glucose was measured by using an enzyme-specific
method (YSI Glucose Analyzer; YSI, Yellow Springs, OH).
Plasma insulin and C-peptide were measured by using com-
mercially available enzyme-linked immunosorbent assay kits
(Linco Research Inc, St Charles, MO). Plasma free fatty acids
and b-hydroxybutyrate were measured by microfluorometric
enzyme analyses as previously described (9). Enrichments of
[U-13C]glucose and the glucose isotopomers in plasma and in
glucose and galactose in milk lactose were performed by using
the pentaacetate derivative and gas chromatography–mass spec-
trometry as previously described (6). All measurements were
made in the Stable Isotope Core Laboratory of the Children’s
Nutrition Research Center.

Indirect calorimetry

Indirect calorimetry was determined by using a MedGraphic
Model Indirect Calorimeter (MedGraphics Inc, Minneapolis,
MN). Oxidation rates of protein, glucose, and lipids and resting
energy expenditure were calculated by using the gaseous ex-
change equations according to Frayn (10).

Milk analysis

Lipid extraction was carried out according to standard tech-
niques (11), and the total lipid content was quantified gravi-
metrically. The concentration of protein was measured by using
a bicinchoninic acid protein assay kit (Novagen, Madison, WI)
(12). Milk lactose was measured by using an enzyme-specific
method (YSI Glucose Analyzer). All of the above analyses were
performed in each individual milk sample (8 samples daily). To
calculate the energy content of milk, the mass of each macro-
nutrient was multiplied by a standard factor (9 kcal for 1 g fat
and 4 kcal for both carbohydrate and proteins). The 24-h milk
production or composition was calculated on the basis of the
sum of each variable (volume, energy content, protein, fat, or
lactose) measured in the 8 samples collected daily. Subsequently,
these values were averaged over the 3 d of the inpatient study. In
a similar fashion, the daily intake of the infants was determined
on the basis of the milk volume consumed and the energy
content of the milk.

Calculations

The Ra of glucose and the rate of gluconeogenesis were de-
termined by using mass isotopomer distribution analysis during
infusion of [U-13C]glucose under steady state conditions as
previously described (13).

Briefly, the Ra (Ratotal) of glucose during infusion of [U-13C]glu-
cose was obtained using standard isotope dilution equation:

Ratotal ¼ ½Ei=Ep�3 I ð2Þ

where Ei and Ep are the enrichments of [U-13C]glucose in the
infusate and the plasma, respectively, and I is the rate of infusion
of [U-13C]glucose.

In the fasting state, the glucose production rate (GPR) was
calculated by subtracting the amount of infused [U-13C]glucose
from the glucose Ra:

GPR ¼ Ratotal 2 I ð3Þ

Gluconeogenesis (GNG) as a fraction of glucose Ra was
calculated as follows (13):

Fractional GNG ¼
X5

1

Mi=
X6

1

Mi3
X5

1

12Ci=
X1

5

13Ci ð4Þ

where
P5

1

Mi is the sum of labeled glucose molecules

generated via gluconeogenesis (M1 through M5),
P6

1

Mi is

the sum of all labeled glucose molecules, and
P5

1

12Ci=
P5

1

13Ci

is the dilution of tracer.

Rates of GNG and glycogenolysis were calculated by using the
following equations:

GNG ¼ fractional GNG 3 Ratotal ð5Þ

Glycogenolysis ¼ Ratotal � ðGNG 1 Rameal 1 IÞ ð6Þ

During fasting, Rameal equals zero; during feeding, we esti-
mated the rate of dietary carbohydrate entry into the systemic
circulation to be 85% of orally ingested glucose based on pre-
vious findings in lactating mothers (5). The fraction of glucose
and galactose (product pool) in milk lactose that was derived from
plasma glucose (precursor pool) and the fraction derived from de
novo synthesis were calculated as previously described (6).

Statistical analysis

All data are expressed as means 6 SEMs. Paired Student’s t test
was used to compare the effect of the diets on the average volume
and the macronutrient content of milk and infant intake over the
3 d of the study in the GCRC. Similarly, the effect of the diets on
glucose Ra, GPR, gluconeogenesis, glycogenolysis, hexoneo-
genesis, substrate and hormone concentrations, energy expendi-
ture, and substrate oxidation rates measured on day 4 during both
fasting (from 0700 to 0900) and feeding (from 1400 to 1600)
conditions were compared by using paired Student’s t test. Sig-
nificance was defined as P , 0.05. SPSS software (version 16;
SPSS Inc, Chicago, IL) was used for all statistical analyses.

RESULTS

Energy intake

The daily energy intake and dietary macronutrient distributions
are provided in (Table 1). The intakes of carbohydrate were 59%
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and 31% and of fat were 26% and 54% of total energy during the
H-CHO and H-F diets, respectively.

Milk production and infant intake

Overall, milk volume produced during both studies was 828 6

24 mL/d, which was similar during the H-CHO and H-F diets:
829 6 41 and 821 6 33 mL/d, respectively (Table 2). There was
no effect of the diet on either milk lactose or protein expressed
as g/dL or g/d. However, the milk fat concentration (4.8 6

0.3 and 4.3 6 0.3 g/dL; P ¼ 0.01) and the corresponding daily
milk fat content (39 6 2 and 34 6 2 g/d; P ¼ 0.02) were higher
during the H-F diet. Accordingly, the energy output of milk was
higher (P ¼ 0.02) during the H-F diet (654 6 24 kcal/d) than
during the H-CHO diet (619 6 23 kcal/d). The infants’ milk
intake expressed as mL/d did not differ significantly between the
2 diets. However, the infants’ energy intake expressed as kcal/d
(486 6 24 compared with 452 6 23) or as kcal � kg21 � d21

(87 6 4 compared with 81 6 3) was higher (P , 0.05) during
the H-F diet. Infants’ intake was affected by maternal intake in
that, the fat intake, whether, expressed as a percentage of energy
or as g/d was higher (P , 0.05) during the H-F diet. There was
no difference in the infants’ intakes of carbohydrate (lactose) or
protein between the 2 diets.

Plasma substrate and hormone concentrations

Plasma glucose concentrations were higher (P , 0.05) during
both the fasted (4.7 6 0.2 compared with 4.4 6 0.2 mmol/L)
and fed (5.9 6 0.2 compared with 5.5 6 0.2 mmol/L) states
during the consumption of the H-CHO diet (Table 3). Similarly,
insulin and C-peptide concentrations in both the fasted and fed
states were higher (P , 0.05) during the H-CHO diet than
during the H-F diet. The plasma lactate concentration was
higher during the H-CHO diet during the fed state (1.1 6

0 compared with 0.8 6 0 mmol/L; P , 0.01). The triglyceride
concentration during the fed state was higher (P , 0.05) during
the H-F diet than during the H-CHO diet. b-Hydroxybutyrate
concentrations (mmol/L) were higher (P , 0.05) during the H-F
diet during both the fast and the fed states. Similarly, plasma
free fatty acid concentrations were higher during the H-F diet
during both the fasted (0.8 6 0.1 compared with 0.6 6 0.1
mmol/L; P , 0.05) and the fed (0.6 6 0.1 compared with 0.2 6

0.0 mmol/L; P , 0.01) states.

Glucose kinetics

After an overnight fast, the glucose production rate (lmol �
kg21 � min21) was higher during the H-CHO diet than during
the H-F diet because of higher glycogenolysis (P , 0.05),
whereas gluconeogenesis was unchanged (Figure 1). As a result
of a higher dietary glucose intake during the H-CHO diet, the
glucose Ra was higher during the H-CHO diet than during the
H-F diet in the fed state (26.4 6 1.2 compared with 18.0 6 0.9
lmol � kg21 � min21; P , 0.01). Gluconeogenesis was not af-
fected by either the H-CHO (with high insulin) or the H-F (low
insulin) diet during the fasted or fed states.

Source of lactose hexoses

Neither the fraction of milk galactose or glucose derived from
plasma glucose nor that derived from hexoneogenesis was af-
fected by maternal diet (Table 4).

Resting energy expenditure

Energy expenditure was higher (P , 0.01) during the H-F diet
than during the H-CHO diet in the fasted (1241 6 19 compared
with 1162 6 10 kcal/d) but not in the fed (1455 6 22 compared
with 1411 6 14 kcal/d; NS) state (Table 5). Carbohydrate ox-
idation expressed as g/d or as a percentage of energy expendi-
ture was higher (P , 0.01) during the H-CHO diet than during
the H-F diet in both the fasted (35 6 3 compared with 17 6 4)
and the fed (43 6 4 compared with 12 6 2) states. Fat oxidation
expressed as g/d or as a percentage of energy expenditure was
higher (P , 0.01) during the H-F diet than during the H-CHO
diet in both the fasted (66 6 5 compared with 50 6 3) and the
fed (73 6 3 compared with 44 6 4) states. Similarly, protein
oxidation expressed as g/d or as a percentage of energy

TABLE 1

Daily intake of macronutrients during the high-carbohydrate (H-CHO) and

high-fat (H-F) diets1

H-CHO H-F

EI (kcal/d) 1782 6 16 1787 6 31

Fat

(g/d) 51 6 1 107 6 22

(% of EI) 26 6 0 54 6 02

Carbohydrate

(g/d) 265 6 4 137 6 22

(% of EI) 59 6 1 31 6 02

Protein

(g/d) 69 6 2 69 6 1

(% of EI) 16 6 0 15 6 0

1 All values are means 6 SEMs; n ¼ 7. EI, energy intake.
2 Significantly different from H-CHO, P , 0.01 (paired t test).

TABLE 2

Effect of the macronutrient composition of the high-carbohydrate (H-CHO)

and high-fat (H-F) diets on milk production and infant consumption1

Milk composition Infant intake

H-CHO H-F H-CHO H-F

Milk volume (mL/d) 829 6 41 821 6 33 611 6 41 612 6 41

Energy content

(kcal/d) 619 6 23 654 6 242 452 6 23 486 6 242

(kcal � kg21 � d21) — — 81 6 3 87 6 42

Lactose

(g/dL) 7.3 6 0.2 7.3 6 0.2 — —

(g/d) 0 6 3 60 6 2 45 6 3 44 6 3

(% of EI) — — 40 6 1 37 6 2

Protein

(g/dL) 1.8 6 0.1 1.9 6 0.1 — —

(g/d) 15 6 0.9 16 6 0.8 11 6 1 11 6 0

(% of EI) — — 10 6 1 10 6 1

Fat

(g/dL) 4.3 6 0.3 4.8 6 0.32 — —

(g/d) 34 6 2 39 6 22 25 6 1 29 6 22

(% of EI) — — 50 6 1 54 6 12

1 All values are means 6 SEMs; n ¼ 7. EI, energy intake.
2 Significantly different from H-CHO, P , 0.05 (paired t test).
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expenditure was higher (P , 0.05) during the H-F diet than
during the H-CHO diet in both the fasted (17 6 1 compared with
15 6 1) and the fed (15 6 1 compared with 13 6 1) states.

Energy balance

The estimated average energy expenditure (assuming 14 h of
feeding and 10 h of fasting daily) was higher (P , 0.03) during
the H-F diet (1368 6 15 kcal/d) than during the H-CHO diet
(1283 6 24 kcal/d). The sum of energy expenditure plus milk
energy output was higher (P , 0.01) during the H-F diet
(2022 6 35 kcal/d) than during the H-CHO diet (1910 6 40
kcal/d). Thus, the deficit in energy balance [intake – (energy
expenditure 1 milk output)] was greater (P , 0.01) during the
H-F diet (2235 6 39 kcal/d) than during the H-CHO diet
(2119 6 48 kcal/d) (Figure 2).

DISCUSSION

The present study showed that the macronutrient composition
under isonitrogenous, isocaloric conditions of the maternal diet
had no short-term effect on milk volume or its aqueous com-
ponents (ie, protein and lactose). However, we showed that the
H-F diet increased the milk fat concentration and content by
’13% and 15%, respectively, when compared with the H-CHO
diet. This resulted in an increase in the calorie content (kcal/d) of
the milk. In addition, this increase in milk fat led to increased fat
and calorie intakes by the infant whether expressed as kcal/d or as
kcal � kg21 � d21. Our findings agree with those of Park et al
(14), who reported that women who consumed a diet low in
dairy fat had lower milk fat than when they consumed more
dairy fat.

In addition we observed that, under moderate calorie re-
striction (1785 6 22 kcal/d), overall milk production (828 6

24 mL/d) and milk energy output (623 6 15 kcal/d) were
comparable with published values for well-nourished lactating
women (15–19). Studies in lactating women from the United
States (15–17, 20, 21) and Sweden (19) concluded that women
can successfully breastfeed their infants if they have been

TABLE 3

Effect of the macronutrient composition of the high-carbohydrate (H-CHO) and high-fat (H-F) diets on substrate and

hormone concentrations during fasting and fed states1

Fasting Fed

H-CHO H-F H-CHO H-F

Glucose (mmol/L) 4.7 6 0.2 4.4 6 0.22 5.9 6 0.2 5.5 6 0.22

Insulin (lU/mL) 4.2 6 0.8 2.9 6 0.72 23.1 6 4.6 14.8 6 3.82

C-peptide (ng/mL) 1.4 6 0.2 1.0 6 0.22 4.5 6 0.5 3.1 6 0.63

Lactate (mmol/L) 0.68 6 0.1 0.64 6 0.0 1.11 6 0.0 0.77 6 0.03

Cholesterol (mg/dL) 174 6 10 183 6 10 179 6 9 170 6 15

HDL (mg/dL) 67 6 9 64 6 8 71 6 10 68 6 8

LDL (mg/dL) 98 6 10 109 6 10 94 6 11 100 6 10

Triglycerides (mg/dL) 47 6 7 50 6 14 69 6 16 90 6 192

b-Hydroxybutyrate (mmol/L) 0.29 6 0.11 0.80 6 0.162 0.11 6 0.04 0.25 6 0.052

FFAs (mmol/L) 0.58 6 0.12 0.79 6 0.102 0.19 6 0.03 0.62 6 0.053

1 All values are means 6 SEMs; n ¼ 7. FFAs, free fatty acids.
2,3 Significantly different from H-CHO (paired t test): 2P , 0.05, 3P , 0.01.

FIGURE 1. Effect of the macronutrient composition of the high-
carbohydrate (H-CHO) and the high-fat (H-F) diets on glucose kinetic
parameters during the fasting and fed states. The rate of glucose
production (GPR) is the sum of gluconeogenesis and glycogenolysis. The
total glucose rate of appearance is the sum of GPR and exogenous glucose.
Results are presented as means 6 SEMs for 7 subjects. *, **The statistical
evaluation of the data was performed by using a paired Student’s t test: *P ,
0.05, **P , 0.01.

TABLE 4

Source of milk lactose from the high-carbohydrate (H-CHO) and high-fat

(H-F) diets during the fasting and fed states1

Fasting Fed

H-CHO H-F H-CHO H-F

Milk glucose from plasma

glucose (%)

67 6 5 64 6 5 86 6 6 88 6 4

Milk glucose from

hexoneogenesis (%)

33 6 5 36 6 5 14 6 6 12 6 4

Milk galactose from

plasma (%)

48 6 4 47 6 4 68 6 3 64 6 4

Milk galactose from

hexoneogenesis (%)

52 6 4 53 6 4 32 6 3 36 6 4

Milk lactose from

plasma (%)

58 6 4 55 6 5 77 6 4 76 6 4

Milk lactose from

hexoneogenesis (%)

42 6 4 45 6 5 23 6 4 24 6 4

1 All values are means 6 SEMs; n ¼ 7. None of the variables differed

significantly between diets (paired t test).

IMPLICATIONS OF DIET COMPOSITION DURING LACTATION 1825

30 

25 

20 

i:: 

J 15 
i:,, 
"!-
0 
§_ 10 

5 

0 

□ Exogenous glucose 

□ Glycogenolysis ** 
!lll] Gluconeogenesis 

H-CHO-Fast H-F-Fast H-CHO-Fed H-F-Fed 



provided calorie intakes of 1800–2200 kcal/d. Collectively,
these observations indicate that the intakes recommended by the
Institute of Medicine (during the first 6 mo ¼ estimated energy
requirement 1 330 kcal/d; during the second 6 mo ¼ estimated
energy requirement 1 400 kcal/d) for lactating women (22) may
be in significant excess of their true needs, and, should women
accurately follow these recommendations, it might hinder their
ability to lose weight in the postpartum period.

Both glucose concentrations and glucose production rates were
higher with the H-CHO diet after an overnight fast than with the
H-F diet as a result of increased glycogenolysis, because gluco-
neogenesis was unaffected by dietary macronutrient composition.
The insulin and C-peptide concentrations were most likely higher
as a result of the higher plasma glucose concentrations when

compared with the H-F diet. It is not surprising that, after meal
ingestion, the glucose, insulin, and C-peptide concentrations were
higher with the H-CHO diet because of the larger glucose load.

We previously showed that the human mammary epithelium is
capable of de novo synthesis of lactose by a process we termed
‘‘hexoneogenesis’’ (6). Thus, a potential compensatory mecha-
nism for maintaining lactose production under the conditions of
a hypocaloric, low-carbohydrate diet could be by increasing
hexoneogenesis. Our data, however, show that the macronutrient
composition of the mother’s diet had no effect on this process.
Collectively, our findings indicate that, during an H-F diet, the
lactating mother does not increase glucose production via glu-
coneogenesis or glycogenolysis nor does she increase mammary
gland production of lactose via hexoneogenesis. Thus, an al-
ternative mechanism for adaptation to a hypocaloric H-F diet
would be to decrease the rate of carbohydrate oxidation. This is
precisely what was observed. Lactating mothers who consumed
the H-F low-calorie diet decreased carbohydrate oxidation and
increased fat oxidation. In keeping with this, both plasma free
fatty acids and b-hydroxybutyrate concentrations were higher
under both the fasted and fed conditions with the H-F diet. It is
of interest to note that, during consumption of the H-F diet, the
absolute amount as well as the percentage of energy expenditure
derived from carbohydrate oxidation was unaffected by feeding.
One might speculate that the dietary carbohydrate may have
been preferentially directed to milk production in the mammary
gland.

We found that energy expenditure was higher during the H-F
diet than during the H-CHO diet during fasting but not during
feeding. This finding agrees with the findings of Cooling and
Blundell (23), who reported a significantly higher BMR in lean
men who consumed a high-fat diet (BMR ¼ 1624 kcal/d) than in
lean men who consumed a low-fat diet (BMR ¼ 1455 kcal/d).

The estimated average daily energy expenditure was higher
during the H-F diet than during the H-CHO diet. When increased
milk energy output is added to the maternal energy expenditure,
the deficit in energy balance was almost double during con-
sumption of the H-F diet when compared with the H-CHO diet.
This suggests that lactating mothers might lose more weight
while consuming an H-F diet than a H-CHO diet. This speculation
is consistent with the finding reported by Brehm et al (24) in
healthy, nonlactating, obese females. In that study (24), the
group that consumed the low-carbohydrate diet lost more weight
(8.5 6 1.0 compared with 3.9 6 1.0 kg; P , 0.001) and more
body fat (4.8 6 0.7 compared with 2.0 6 0.8 kg; P , 0.01) than
did the group that consumed the low fat (H-CHO) diet over the
6-mo period of study. Recently, these authors found similar re-
sults in a second group of subjects (25). In contrast, despite the
finding that the low-carbohydrate diet produced a greater weight
loss (absolute difference: ’4%) than did the H-CHO diet for the
first 6 mo, the differences were not significant at 1 y (26).

In this short-term dietary intake study (8 d), no difference in
cholesterol, LDL, or HDL was observed between the 2 diets
after an overnight fast or during feeding. Only plasma trigly-
cerides were higher during feeding (90 compared with 60 mg/dL)
in response to the H-F diet (normal range in our pathology
laboratory: 20–150 mg/dL) but not after an overnight fast
(50 compared with 47 mg/dL). Triglycerides could be used as an
energy source and/or as a substrate for milk fat synthesis. The fact
that triglycerides return to fasting concentrations after an

TABLE 5

Effect of the macronutrient composition of the high-carbohydrate (H-CHO)

and high-fat (H-F) diets on substrate oxidation rate during the fasting and fed

states1

Fasting Fed

H-CHO H-F H-CHO H-F

NPRQ 0.82 6 0.0 0.77 6 0.02 0.84 6 0.0 0.76 6 0.02

EE (kcal/d) 1162 6 10 1241 6 192 1411 6 14 1455 6 22

Fat

(g/d) 64 6 5 91 6 62 68 6 7 117 6 62

(% of EE) 50 6 4 66 6 52 44 6 4 73 6 32

Carbohydrate

(g/d) 102 6 9 50 6 142 147 6 13 45 6 82

(% of EE) 35 6 3 16.5 6 42 43 6 4 12 6 22

Protein

(g/d) 43 6 2 54 6 32 43 6 2 54 6 32

(% of EE) 15 6 1 17 6 13 13 6 1 15 6 12

1 All values are means 6 SEMs; n ¼ 7. NPRQ, nonprotein respiratory

quotient; EE, energy expenditure.
2,3 Significantly different from H-CHO (paired t test): 2P , 0.01, 3P ,

0.05.

FIGURE 2. Effect of the macronutrient composition of the high-
carbohydrate (H-CHO) and the high-fat (H-F) diets on daily energy
expenditure (EE), EE plus milk energy output, maternal calorie intake,
and daily energy balance. Results are presented as means 6 SEMs for 7
subjects. *, **The statistical evaluation of the data was performed by using
a paired Student’s t test: *P , 0.05, **P , 0.01.
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overnight fast is reassuring. With regard to infants’ intake, the
H-F diet induced a higher milk fat content (13%), a higher energy
intake (7%), and a higher percentage of energy from fat (8%) than
did the H-CHO diet. Despite these changes, it is our contention
that infants adapt readily to these modest changes in macronu-
trient intake. However, neither of these issues can be addressed in
the present study and will require a long-term investigation.

In conclusion, under moderate calorie restriction, milk pro-
duction was not affected by maternal diet composition. Milk fat,
energy content, and infant energy intake were higher during the
H-F diet, which resulted in a greater negative energy balance. The
lactating mothers adapted to the increased demand of glucose and
low carbohydrate intakes via decreased glucose oxidation but not
via increased glucose production. Additional studies are war-
ranted to determine whether a modest hypocaloric H-F diet might
promote greater weight loss during lactation than would an
H-CHO diet while maintaining sufficient milk production.
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