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Gender Alters the Effects of Palmitate and
Oleate on Fat Oxidation and Energy Expenditure

C. Lawrence Kien'? and Janice Y. Bunn?

Objective: Because estrogen and testosterone affect transcription factors regulating mitochondrial function, we
assessed the effects of gender on the metabolic response to dietary palmitic acid (PA) vs. oleic acid (OA) in

subjects participating in a previously described trial.

Methods and Procedures: Adults (N = 43) were studied after following a baseline diet (PA = 8.4% kcal, OA =13.1%
kcal) and after undergoing one of two experimental diets: high PA (HI PA) (PA = 16.8%, OA = 16.4% kcal) (N = 21;

11 men) or high OA (HI OA) (PA = 1.7%, and OA = 31.4%) (N = 22; 11 men).

Results: Relative to baseline, the rate of fatty acid (FA) oxidation (% resting energy expenditure(REE)) (mean + s.e.m.)
increased in women on HI OA while decreasing on HI PA in the fed (+11.8 = 5.6% vs. —6.3 = 4.2%, P = 0.02) and fasting
states (+13.4 = 4.2% vs. —12.7 = 6.9%, P = 0.047), but changes in men were not statistically significant. Daily energy
expenditure changed only in men, increasing on HI OA and decreasing on HI PA (+66 + 61 kcal/day or 1.2 + 1.0kcal/kg
fat-free mass (FFM)/day vs. —266 + 78kcal/day or —4.2 + 1.3kcal/kg FFM/day, P = 0.004 and P = 0.007, respectively).
Discussion: Increased dietary PA/OA caused decreased FA oxidation in women, in the fed and fasted states and

decreased daily energy expenditure (DEE) in men.

Obesity (2008) 16, 29-33. doi: 10.1038/0by.2007.13

INTRODUCTION

Oleic acid (OA) and palmitic acid (PA) are the most preva-
lent fatty acids (FA) in the diet and lipid storage pools (1,2).
We recently showed that dietary PA and OA have different
effects on FA oxidation and on accretion of body energy
stores in response to energy intake; neither analysis of covari-
ance nor two-way analysis of variance detected a statistically
significant gender effect (3). However, menopause is associ-
ated with increased adiposity and decreased insulin sensitiv-
ity, and estrogen replacement can ameliorate these problems
(4). Moreover, in rodents, estrogen and androgen have
contrasting effects on the mRNA expression of transcription
factors, which modify mitochondrial function, including FA
oxidation (4-8). Therefore, using data previously collected
during our trial (3), we sought to disprove our hypothesis
(null) that men and women respond in a similar manner to
dietary PA and OA.

METHODS AND PROCEDURES

Experimental subjects

Forty-three healthy, non-obese young adults, aged 21-34 years
participated in a randomized, double-masked, controlled trial. The
institutional review committees for human subjects approved the
study.

Design

Since the design of this trial was previously reported in detail (3),
the experimental plan will be briefly reported here. Each subject was
studied twice for 28 days, first on a solid food, baseline diet (“prefor-
mula value”), and then on one of two experimental liquid formula
diets (“postformula value”): a diet relatively high in PA (HI PA) or
a diet low in PA and high in OA (HI OA). The compositions of the
diets were reported previously (3). Compared to the baseline diet, HI
PA resulted in a 100% increase in PA and a 25% increase in OA, as %
keal, and HI OA resulted in an 80% decrease in PA as % kcal and a
140% increase in OA.

Woman subjects were studied at the same phase of the cycle for both
the baseline diet and the experimental diet. Ten of the twenty-one woman
subjects were receiving oral contraceptives and not ovulating (N = 4,
HI PA group).

After a 12-h overnight fast, at ~7:30 Am, on day 27 of each diet period
(solid and formula), blood was obtained by venipuncture for measure-
ment of the serum concentration of total cholesterol (TC), high-density
lipoprotein (HDL) cholesterol, triacylglycerol, and calculated low density
lipoprotein (LDL) cholesterol. On the 28th day of each diet period, after
an evening meal at 6:00 PM, we assessed the overnight resting energy
expenditure (REE) and substrate utilization using indirect calorimetry
and urine urea N measurements (Vmax SPECTRA 29, Sensor Medics,
Yorba Linda, CA) (9-12). Average values for the respiratory quotient
(respiratory exchange ratio), rates of FA and carbohydrate oxidation, and
REE were estimated for both the fed (5:20 pm to 1:20 Am) and fasting
states (1:20 AM to 07:20 AM) (9).
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Changes in fat mass and fat-free mass (FFM) during the diets were
assessed by dual-energy X-ray absorptiometry (Hologic Delphi QDR
4500A Bone Densitometer, Bedford, MA), and body energy and daily
energy expenditure (DEE) were calculated as described previously (3).

In 39 subjects (N = 21, HI OA group and N = 18, in HI PA group),
physical movement during the two phases of the study also was
estimated using a uniaxial accelerometer (Computer Science and
Applications, CSA, Model 71164, Manufacturing Technology, Fort
Walton Beach, FL) (3,13).

Serum lipid concentrations. Serum was separated by low speed
centrifugation at 1,500g, at 10°C for 10 min. TC, triacylglycerol, and
HDL were measured colorimetrically using the Vitros 950 analyzer
and standard enzymatic procedures (University of Texas Medical
Branch Clinical Laboratory).

Mathematical expressions and statistical analysis

For some analyses and data presentation (e.g., Figure 1), the rate of fat
oxidation was expressed as a percentage of REE, in order to normalize
this rate for differences in cellular mass as well as for possible gen-
der differences in the relative mass of the more metabolically active
organs (14,15).

Results are expressed as mean + s.e.m. The main approach to statistical
analysis was an analysis of covariance of the change during the experi-
mental formula diet using the respective preformula value as a covariate
(SPSS Base 10.0, SPSS, Chicago, IL) (3).

RESULTS
Gender differences in body composition, fat oxidation,
and energy expenditure after the control, baseline diet
BMI was significantly higher in men (25.2 + 0.7) compared to
women (22.4 = 0.5) (P = 0.002). FFM was significantly (P <
0.001) higher and percent body fat was significantly lower in
men (respectively 61.7 + 1.4kg FFM vs. 43.7 + 1.0 kg FFM and
20.4 £ 1.5% body fat vs. 29.9 = 1.1% body fat).

Men in the fed state exhibited a higher rate of FA oxida-
tion expressed as a percentage of REE (39.6 & 3.7% kcal vs.
20.1 £3.6% kcal) (P < 0.001) and a higher rate of FA oxidation
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Figure 1 Gender differences in the change in the rate of fatty acid
(FA) oxidation as percent of resting energy expenditure (REE)

from a baseline, control diet fed to all subjects compared to diets
containing a high percent of energy as palmitic acid (HI PA) or a low
percent of energy as palmitic acid and a high percent of energy as
oleic acid (HI OA). Asterisk denotes statistical difference (P < 0.05)
between diet groups. Specific P values are as follows: women,

fed state, P = 0.02; men, fed state, P = 0.083; women, fasting

state, P = 0.047.
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in the fasting state of borderline significance (37.2 £ 3.2% kcal
vs. 27.3 £ 4.5% kcal) (P = 0.076).

Men had a somewhat lower REE in the fed state compared to
women, respectively 0.020 £ 0.0005 vs. 0.022 £ 0.0009 (kcal/kg
FFM/min) (P = 0.071). REE in the fasting state was 8% lower
in men compared to women (0.017 £ 0.0004 kcal/kg FFM/min
vs. 0.019 £ 0.0007 kcal/kg FFM/min) (P = 0.016). There was
no significant difference between men and women in physi-
cal activity (920 * 68 accelerations/min vs. 998 & 71 accelera-
tions/min). DEE was 10% lower in men compared to women
(48.6 * 1.0kcal/kg FFM/day vs. 54.1 + 1.9 kcal/kg FFM/day)
(P =0.012) during the baseline diet.

In summary, prior to the experimental diets, men exhibited
higher rates of FA oxidation and lower rates of resting and
daily energy expenditure.

Effects of dietary FA intake on FA oxidation

in women and men

Fed state. For both women and men, there were no differences
between diet groups in fat intake, either at the end of the base-
line diet or at the end of the formula diet. In women, FA oxida-
tion, expressed as mg/kg FFM/min, tended to increase during
the HI OA diet (+0.253 + 0.154) and decrease during the HI
PA diet (—0.089 + 0.102) (P = 0.059). When the change in the
fed state was expressed as a % of REE, FA oxidation in women
was significantly different (P = 0.02) with the rate of FA oxida-
tion decreasing in the HI PA group (—6.3 = 4.2%) and increas-
ing in the HI OA group (+11.8 £ 5.6%) (Figure 1).

In men, there was no effect of diet on the change in FA oxida-
tion (mg/kg FFM/min), but there was a trend for a difference
in the change in FA oxidation, expressed as % of REE between
the HI PA (—8.3 £ 8.1%) and HI OA groups (7.1 +4.1%) (P =
0.083), although there was a decrease in both dietary groups
(Figure 1).

Fasting state. In women, FA oxidation, expressed as mg/kg
FFM/min, tended to increase during the HI OA diet (+0.259 +
0.101) and decrease during the HI PA diet (—-0.234 + 0.155)
(P =0.068); expressed as % REE, the fasting rate of FA oxida-
tion decreased in the HI PA group and increased in the HI OA
group (P = 0.047) (Figure 1). There were no diet group effects
in men for FA oxidation expressed as mg/kg FFM/min or as %
of REE (Figure 1).

Comparison of changes in FA oxidation in women and men on
each diet. We also examined whether the genders responded
differently to each diet. Ingesting the HI OA diet caused an
increased rate of FA oxidation (% REE) in women in both the
fed and fasting states, compared to the baseline diet (+67 and
+72% increases, respectively); in men, however, ingesting the
HI OA diet decreased FA oxidation (—16 and —24%, respec-
tively in the fed and fasted states) (effect of gender on change
in FA oxidation in the fed and fasted state, respectively, P =
0.013 and P = 0.001). In contrast, changes in FA oxidation in
response to the high PA diet were not significantly different
between men and women.
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Effects of dietary FA intake on body composition,

physical activity, energy intake, and energy expenditure

in women and men

In both women and men, the diet group did not affect the
changes in BMI, fat mass, FFM, percent body fat, or body
energy. There was no significant difference in the change in
physical activity during the experimental diets, for either the
women (HI PA vs. HI OA) (—86 % 31accelerations/min vs.
—132 £ 101 accelerations/min) or men (21 £ 65 vs. 1 £ 143).

There was no significant change in energy intake during the
formula diet for either the women or men. In women, REE
(kcal/kg FFM/min) during the fed state increased slightly in the
subjects on the HI PA diet (+0.0026 + 0.0009) while remain-
ing unchanged in those on the HI OA diet (0.0000 £ 0.0008)
(P =0.045). However, there was no significant difference in the
change in REE in the fasting state. In men, during the formula
diet, there was no significant change in energy intake or REE
during the fed or fasting states.

In women, the change in DEE (expressed as kcal/day or as
kcal/kg FFM/day) was not significantly different between the
dietary groups (Figure 2). In contrast, in men, there were sig-
nificant differences in the change in DEE, expressed as kcal/day
or kcal kg FFM/year, with those on the HI PA diet exhibiting a
decrease and those in the HI OA group exhibiting an increase
(respectively —266 * 78 kcal/day vs. +66 + 61kcal/day; P = 0.004;
and —4.2 * 1.3kcal/kg FFM/day vs. +1.2 + 1.0kcal/kg FFM/day;
P =0.007) (Figure 2).

Effects of dietary FA intake on serum lipid concentrations

There were no differences between the groups preformula. For
the entire study group (men and women), the serum concen-
tration of TC, HDL, LDL, and LDL/HDL ratio all appeared to
fall, on average, in both diet groups during the formula diets.
The fall in serum TC was significantly greater in the HI OA
group vs. HI PA: —1.01 #+ 0.12 mmol/l vs. -0.53 + 0.12 mmol/l
(P < 0.001). The LDL concentration fell significantly more in
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Figure 2 Individual changes in daily energy expenditure (DEE) in men
and women during the experimental diets: HI PA (high percent of energy
as palmitic acid) or HI OA (low percent of energy as palmitic acid and a
high percent of energy as oleic acid). Asterisk denotes men, HI PA vs.
HI OA, P =0.004.
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the HI OA group: —0.88 + 0.09 mmol/l vs. —0.62 + 0.16 mmol/l
(P=0.001), as did the LDL/HDL ratio (=0.51 + 0.08 vs. —0.29 +
0.10; P=0.012).

In women, none of these changes reached statistical signifi-
cance, although there were trends towards greater decreases
on the HI OA formula for TC (HI OA vs. HI PA, —0.99 +
0.16 mmol/l vs. -0.55 + 0. 21 mmol/l; P = 0.090) and HDL
(P = 0.070). In men, the fall in serum TC in the HI OA
group was significantly greater in the HI OA group as com-
pared to the HI PA group: —1.04 + 0.18 mmol/l vs. -0.52 +
0.13mmol/l (P = 0.001), and very similar to the magnitude
of change in each group among the women. Otherwise, in
men, only the change in the LDL/HDL ratio was statistically
significant between groups (—0.67 £ 0.09 vs. —=0.35 £ 0.17; P =
0.011); in this case, the 91% greater decrease in the HI OA
group was almost double the non-significant (P = 0.78), 52%
fall in women.

DISCUSSION

In this study, after following an identical control diet for
28 days, men exhibited higher rates of FA oxidation and lower
rates of resting and daily energy expenditure. However, the
high PA diet in contrast to the low PA/high OA diet, had more
pronounced effects on FA oxidation in women, compared to
men. By contrast, we observed that DEE was affected by diet
only in the men and represented an average, diet group dif-
ference of 332 kcal/day but with considerable inter-individual
variation. Since neither REE nor physical activity differentially
changed during the experimental diets, we infer that non-
resting expenditure, and more specifically, the energy cost of
physical activity, was altered by the diets in men. We acknowl-
edge that our measurements overnight included the hours
after the evening meal; these measurements were appropri-
ately affected by physical activity earlier in the day but would
also have been affected by the subjects staying in bed continu-
ously after the evening meal. While sedentary behavior after
the evening meal may not be unusual in American culture, it is
true that bed-rest and/or sleep may alter physiology that could
change, in undetermined ways, the response to the two diets.
For example, exercise/muscle contraction alters muscle lipid
metabolism (16,17). The fasting measurements, made dur-
ing the ordinary sleeping hours, are perhaps representative of
metabolism during the typical overnight period when many
people sleep, although minor interruptions of sleep, when the
canopy is placed over the subject, may create some aberra-
tions in the typical sleep process of young adults. Also, there
are theoretical problems in making comparisons between
measurements taken by others during the fed vs. the fasting
state using a different protocol of making an initial fasting
measurement at the end of the sleeping period followed by a
series of postbreakfast measurements. All subjects were simi-
larly studied in both the “fed” and ‘fasting” states.

These data may prove to be relevant to the prevention of
obesity and/or insulin resistance and type 2 diabetes. In men,
in whom changes in FA oxidation were less affected by diet
than in women, we observed an effect on daily energy needs; a
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difference in the diets by 332 kcal/day corresponds to a differ-
ence of fat accretion of 13.5kg/year of adipose tissue, if it is not
compensated by (eventual) changes in energy intake or physi-
cal activity. Of course, these data on DEE especially are predi-
cated on the veracity of the data on energy intake. While one
could speculate that errors made in the estimation of energy
intake might be incorrect or even gender-biased, it is not obvi-
ous why, for example, an unrecorded intake of energy outside
of the study protocol would be so much isolated to the men in
the HI PA group (3). Nevertheless, confirmation of the conclu-
sion about DEE would require more informed data on energy
intake (e.g., use of doubly labeled water).

The relative failure of complete FA oxidation in women
fed the high PA diet could result in the accumulation of lipid
compounds within the cytosol or mitochondria with result-
ant defective insulin signaling (18,19). Since mitochondrial
function and especially FA oxidation per se may play a salu-
tary role in preventing insulin resistance (18,20), these data
may be relevant to assessing the possible differential risks
faced by men and women for type 2 diabetes because of
their dietary FA pattern. In rodents, estrogen increases the
expression of peroxisome proliferator activated receptor &
(PPARJ) and PPARY coactivator-1o. (PGC-1a) and decreases
the expression of PPAR0;; these transcription factors stimu-
late FA oxidation, via their down-stream targets (4-6). On
the other hand, androgen may decrease PGC-1a. (5) and
increase or decrease PPAR«. expression (7,8). Thus, the dif-
ferential changes in FA oxidation produced by these diets,
especially in women, are potentially important because they
might suggest the existence of a synergy between the meta-
bolic effects of dietary FA (specifically OA) and the sex hor-
mones (particularly estrogen). However, our study included
neither muscle biopsies nor serum hormone measurements,
and a further exploration of the significance of these find-
ings would require measurements to be taken of the mRNA
and protein expression in the skeletal muscle of these criti-
cal genes, and/or measurements of changes in cytosolic and
mitochondrial lipids, which might be altered by changes in
the oxidation of all FA or PA per se (16,19,21).

We also observed that dietary PA and OA affected non-rest-
ing energy expenditure, but only in men; again, we can look to
possible molecular mechanisms as explanation. Both PPARS
and PGC-1o. (which co-activates PPAR-0) induce the forma-
tion of type I fibers in skeletal muscle, which has the net effect
ofincreasing the efficiency of muscle contraction, that s, allow-
ing more work/O2 consumption (16,22-24). So, enhanced
PGC-1o and PPARS expression per se might result in lower
non-resting energy expenditure for the same amount of work
(i.e., enhanced mechanical efficiency). Androgen, then, could,
by decreasing PGC-1o expression (5), result in less efficient
muscle contraction and greater non-resting energy expendi-
ture. A high fat, lard-based diet (high saturated fat) caused
lowered PGC-1o expression in rats (16). However, our data
(Figure 2) suggest that the HI PA diet lowered DEE, rather
than increasing it. Thus, suppression of PGC-1o expression
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by a combination of dietary PA and androgen cannot explain
our results (5,16).

In summary, this study suggests that gender alters differen-
tially the response to dietary FA. Women responded to a high
oleate/low palmitate diet by markedly increasing FA oxidation.
Men, on the other hand, responded to the HI OA and HI PA
diets by more markedly increasing and decreasing DEE respec-
tively, compared to an attenuated response in women.
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