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ABSTRACT The effect of high- and low-fat diets with different levels of fatty acid unsatu- :
ration on plasma hormones involved in lipid metabolism was studied during different phases i
of the menstrual cycle in 31 premenopausal women. Subjects were divided into two groups o
and were fed controlled diets containing 39% fat with a ratio of polyunsaturated to saturated
fatty acids (P:S) of either 0.3 or 1.0 for four menstrual cycles and then switched to a 19% fat
diet with the same P.S for another four cycles. Blood samples were analyzed during both the
follicular and luteal phases. A significant direct effect of level of dietary fat was observed on
plasma cortisol and dehydroepiandrosterone-sulphate whereas an inverse relationship was
seen for plasma insulin. Both plasma insulin and growth hormone levels were higher during
the luteal compared with the follicular phase of the menstrual cycle. None of the hormones

was affected by the level of unsaturation of dietary fats.
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Introduction

The composition of plasma lipids in man and animals
is a reflection of the type and amount of dictary lipids
consumed (1-6). Lipid metabolism is aiso endogenously
controlled by pancreatic, pituitary, and adrenal hor-
mones. Thus, insulin promotes lipogenesis whereas glu-
cagon, growth hormone, cortisol, and epinephrine op-
pose insulin action and stimulate lipolysis (7). Further-
more, the levels of these hormones appear to regulate
lipid metabelism in different metabolic conditions such
as obesity and diabetes (7). In addition, dietary carbohy-
drates are also known to affect plasma lipid levels and
lipid metabolism in man and animals (8-10), possibly
through contro! of the secretion of these regulatory hor-
mones.

Although dietary carbohydrates are known to alter
plasma hormone levels in man and animals (11-14), a
similar effect of dietary lipids is less well defined. In
healthy volunteers a low-fat, high-carbohydrate diet was
reported as significantly more effective than a high-fat,
low-carbohydrate diet in stimulating insulin secretion
whereas the opposite was true for glucagon release (15).
In contrast, noninsulin dependent diabetes mellitus
{(NIDDM) subjects did not show a significant insulin re-
sponse to the high-carbohvdrate, low-fat diet although
glucagon response remained unaffected.

The effect of dietary lipids on dehydroepiandroster-
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one-sulphate (DHEA-S) has not been well studied. Hill
and Wynder (16) reported increased levels in subjects fed
a low-fat vegetarian diet. DHEA-S is involved in carbo-
hydrate metabolism because it inhibits glucose-6-phos-
phate dehydrogenase, a rate-limiting enzyme of the pen-
tose cycle (17, 18). However, data on the effect of dietary
carbohydrates on plasma DHEA-S levels are lacking.
The question of dietary lipid effects on plasma hormone
levels becomes more complex in premenopausal
women, where the menstrual cycle itself affects hormone
secretion.

This report critically examines the effects in premeno-
pausal women of the type and quantity of dietary fat and
carbohydrates on the follicular- and luteal-phase levels
of plasma insulin, glucagon, growth hormone, cortisol,
and DHEA-S. We studied the effects of high-fat diets
(40% of energy) and low-fat diets (20% of energy) at low
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TABLE |
Effect of level and unsaturation of dietary lipids on plasma immunoreactive insulin levels in premenopausal women*
Dietary period §
High-fat, Low-fat,
PSSt Menstrual-cycle phase} Self-selected (SS) low-carbohydrate (HF-L.C) high-carbohydrate (LF-HC)
pmol/L

0.3 Follicular 64.6+5.2 64952 81.4+35.0

0.3 Luteal 81.6+5.7 79.1+5.2 814+5.0

1.0 Follicular 66.7 + 4.8 78.2+48 80.1+4.38

1.0 Luteal 85.6+4.8 - 839+ 4.8 95.6 +5.7

* east-square means + standard error of least-square means.

+ Ratio of polyunsaturated to saturated fatty acids in the experimental diets.
+ The mean value during the luteal phase (84.5 = 2.2 pmol/L) was significantly higher according to least-square means than during the follicular

phase (72.7 + 2.0 pmol/L}); p < 0.05.

§ The mean value during the LF-HC dict (84.6 + 2.6 pmol/L) was significantly higher according to least-square means than during the SS and

HF-LC periods (74.6 +: 2.6 and 76.6 + 2.5 pmol/L, respectively). p < 0.05.

(0.3) and high (1.0) ratios of polyunsaturated to saturated
fatty acids (P:S) on levels of plasma insulin, glucagon,
growth hormone, cortisol, and DHEA-S.

Methods

The experimental protocol was approved by the institutional
review beards of Georgetown University School of Medicine,
the US Department of Agriculture, and the National Institutes
of Health. Premenopausal women aged 20-40 y were recruited
from the Beltsville, MD, area for the study. Ninety-seven
women volunteered; 40 were considered eligible (no history of
metabolic or chronic disease, no regular medications, no men-
strual irregularities, not pregnant or lactating, no unusual di-
etary patierns); 37 passed the screening examination and
started the study; and 31 completed the study. The subjects
were paired based on age and relative weight and randomized
to one of two dietary groups, P:S = 0.3 (15 subjects) or P:S
= 1.0 (16 subjects), which were maintained throughout both
the high- and low-fat regimens. Periodic caloric adjustments
were made to maintain initial body weight. Initial base-line
data were collected during a prestudy period of one menstrual
cycle when the subjects consumed self-selected (58) diets. Com-
position of the SS diets is given elsewhere (6) and was very sim-
ilar to the high-fat, low-carbohydrate (HF-LC) diet. After an
overnight fast, venous blood samples were collected in EDTA
(1.4 mg/mL) and Trasylol® (100 U/mL.; FBA Pharmaceuticals,
New York, NY) during the midfollicular (proliferative) phase
and also during the midluteal (secretory) phase, as determined
by the length of the menstrual cycle. The subjects were then
placed on a high-fat, low-carbohydrate (HF-LC) diet (39% of
energy from fat and 45% from carbohydrate) for four men-
strual cycles, foliowed by a low-fat, high-carbohydrate (LF-HC)
diet (19% of energy from fat and 64% from carbohydrate) for
an additional four menstrual cycles. Morning fasting blood
samples were collected during midfollicular and midluteal
phases during the fourth menstrual cycle in each of the two
controlled dietary periods.

During the controlled dietary periods all meals were pre-
pared in' the Human Study Facility of the Beltsville Human
Nutrition Research Center (BHNRC). Breakfast and evening

meals on weekdays were eaten in the BHNRC dining facility
and carry-out meals were provided for weekday lunches and all
weekend meals. A 14-d menu cycle was used, formulated from
commonly available foods. Menus for four caloric intake levels
were designed: 1600, 2000, 2400, and 2800 kcal. No vitamin-
mineral supplements or alcohol were consumed by subjects
during the study.

All hormone analyses were performed by radicimmunoas-
says, Plasma glucagon was measured by radioimmunoassay
with Unger’s antibody 04A as previously described (14).
Plasma insulin, cortisol, and growth hormone were determined
with kits from Immunonuclear Corp, Stillwater, MN (catalog
#0600, 9900, and 0700), and DHEA-S was determined with a
kit from Radioassay Systems Laboratory Inc, Carsen, CA (cat-
alog #1014). The data were analyzed statistically by general lin-
ear models and analysis of variance (ANOVA) using a com-
pletely randomized split-split plot model {(19). A split-split plot
design 1s a design that recognizes three levels of variation (ran-
dom-error varigtions: among subjects, within subjects among
periods, and within subjects among periods between menses).
The design is a nested design in which the nested factors are
fixed. Because replications were unequal, least-square means
were calculated. Least-square means are means that have been
corrected for uneqgual replication in the study in order to make
fair comparisons between all the groups. Means of significant
effects were determined with least-significant-difference tech-
niques for unequal replications (19).

Resuits

Plasma hormone concentrations at the midfollicular
and midluteal phases of the menstrual cycle for each di-
etary regimen are given in Tables 1-5, Statistical signifi-
cance of the effects of the various experimental parame-
ters on each of the hormone levels is summarized in Ta-
ble 6. In Tables 1-5 statistical analysis is given only for
those parameters that showed significant effects as seen
in Table 6. The dietary regimen, ie, variations in the
amount of fat and carbohydrate, significantly affected
the levels of each hormone except growth hormone. In
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TABLE 2

BHATHENA ET AL

Effect of level and unsaturation of dietary lipids on plasma immunoreactive glucagon levels in premenopausal women *

Dietary period ¢

High-fat, Low-fat,
P:St Menstrual-cycle phase Self-selected (58) low-carbohydrate (HF-L.C) high-carbohydrate (LF-HC)
pmol/L
0.3 Follicular 420+13 39.7+ 1.3 40.1£1.3
0.3 Luteal 449+ 14 408=+1.3 406+ 1.4
1.0 Follicular 36.3+1.3 338+1.3 347+ 1.3
1.0 Luteal 374=x 1.3 333+1.3 33.6+1.4

* Least-square means + standard error of least-square means.

T Ratio of polyunsaturated to saturated fatty acids in the experimental diets.
1 The mean value during the SS dietary period (40.2 + 0.9 pmol/L) was significantly higher according to least-square means than during the
HF-LC and LF-HC periods (36.9 + 0.9 and 37.2 + 0.9, respectively); p < 0.05.

contrast, the degree of unsaturation of dietary fats (P:S)
had no effect on any of the hormones studied. Similarly,
no significant interactions between the variables were ob-
served for any of the hormones studied.

Plasma insulin levels (shown in Table 1) were signifi-
cantly higher during the LF-HC diet compared with the
HF-LC or 8S diets as well as during the luteal phase of
the menstrual cycle compared with the follicular phase.
Plasma giucagon levels (Table 2) were not significantly
affected by the amount of fat or carbohydrate nor by the
level of dietary lipid unsaturation. The higher levels ob-
served during the SS dietary period are surprising be-
cause the HF-LC and SS diets were compositionally sim-
ilar (6) except for the P:S, which was 0.5 for the S8 diets.

Plasma cortiso! (Table 3) and DHEA-S (Table 5) were
significantly lower on the LF-HC compared with the HF-
LC diet. The similarities in cortisol and DHEA-S levels
between HF-LC and SS diet regimens are reasonable
considering the similarities of these diets. Plasma growth
hormone levels (Table 4) were not altered by dietary fat

TABLE 3

levels but were affected by time of the menstrual cycle,
being higher during the midluteal than during the mid-
follicular phase.

Discussion

The dietary lipid modifications did result in small but
statistically significant changes in plasma lipids of these
women as reported earlier (6). The low-fat diet increased
plasma triglyceride levels. HDL-cholesterol was higher
in subjects fed the diet with more unsaturated fat (P:S
= 1.0), though a significant increase was seen only during
the LF-HC dietary period. We now report significant
effects of the level of dietary fat on plasma insulin, corti-
sol, and DHEA-S in these premenopausal women. The
increased plasma insulin and decreased cortisol and
DHEA-S observed on the LF-HC diet would favor a lipo-
genic response and may at least partly explain the hyper-
lipidemia observed in these women when fed the LF-HC
diet. The inverse relation of dietary fat to plasma insulin

Effect of level and unsaturation of dietary lipids on plasma immunoreactive cortisol levels in premenopausal women *

Dietary period

High-fat, Low-fat,
PS5t Menstrual-cycle phase Self-selected (8S) low-carbohydrate (HF-LC) high-carbohydrate (LF-HC)
nmolfL
0.3 Follicular 329 +23 362+23 314 +23
0.3 Luteal 402 + 25 345+ 24 31725
1.0 Follicular 369 £23 320+23 316 +22
1.0 Luteal 382422 347 £22 289 + 23

* Least-square means =+ standard error of least-square means.

+ Ratio of polyunsaturated to saturated fatty acids in the experimental diets.
i The mean value during the LF-HC diet (309 +: 12 nmol/L) was significantly lower according to least-square means than during the S8 and

HF-LC periods (337 + 12 and 346 = 12, respectively); p < 0.05.
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TABLE 4

Effect of level and unsaturation of dietary lipids on plasma immunoreactive growth hormone levels in premenopausal women *

Dietary period

High-fat, Low-fat,
P:St Menstrual-cycle phase Self-selected (5S) low-carbohydrate (HF-1.C) high-carbohydrate (LF-HC)
wg/L
0.3 Follicuiar 1.76 £ 0.47 2.34+0.49 : 1.50 +0.47
0.3 Luteal 2.66 +0.61 2.67 +0.52 2.59 + .49
1.0 Follicular 1.24 £0.52 0.91 £0.58 2.59 +£0.45
1.0 Luteal 2.30 +0.47 « 1.60+0.27 2.57+0.47

* Least-square means + standard error of least-square means.

+ Ratio of polyunsaturated to saturated fatty acids in the experimental diets.
} The mean value during the luteal phase (2.4 + 0.21 pg/1.) was significantly higher according to least-square means than during the follicular

phase (1.72 £ 0.20); p < 0.05.

levels observed here is in agreement with previous re-
ports in which subjects fed a low-fat, high-carbohydrate
diet had an increase in plasma insulin (15) whereas those
fed a high-fat, low-carbohydrate diet had decreased
plasma insulin (20). Increased plasma insulin was also
observed when a low-fat diet was given to human sub-
jectsintraduodenally (21). Beck-Nielsen et al (22) did not
cbserve any changes in plasma insulin when they fed iso-
caloric low-fat or low-carbohydrate diets to normal men
but hypercaloric diets with high carbohydrate signifi-
cantly increased plasma insulin level. However, in preg-
nant women ingestion of pure triglyceride produaced an
increase in plasma insulin (23). It is important to note
that in most instances it is the type of carbohydrate rather
than the amount that elicits a greater insulin response.
In rats, feeding a high-fat diet was shown to decrease (24)
as well as increase (11, 25) plasma insulin levels. How-
ever, this difference in response may be due to the use of
different strains of rats in these studies because different
rat strains show different hormonal responses (26).

In normal men (21) and in pregnant women (24) a

TABLE 5

high-fat, low-carbohydrate diet was shown to increase
plasma glucagon levels. In the present study we did not
observe differences in plasma glucagon when normal
premenopausal women were fed high- or low-fat diets.
The decrease in plasma glucagon levels during feeding of
experimental diets compared with a basal diet could be
due to a change in one or more micronutrients.

Hamalainen et al (27) studied the effect of different
levels of dietary fat on plasma steroid hormones in nor-
mal men. Feeding a low-fat diet with a high P:S lowered
serum testosterone and 4-androstenedione in compari-
son with feeding a high-fat diet with a very low P:S ratio.
The decrease in DHEA-S was not significant and estra-
diol showed no change. In the present study lower levels
of DHEA-S and cortisol were observed when women
were fed the LF-HC diet than when they were fed the
HF-LC diet.

Cortisol and DHEA are derived from the same precur-
sor, pregnenolone (28). In the present study plasma lev-
els of both were lower when the subjects were fed diets
with low fat levels. Thus, low dietary fat either decreases

Effect of level and unsaturation of dietary lipids on plasma immunoreactive DHEA-S levels in premenopausal women*

Dietary period

High-fat, Low-fat,
PSSt Menstrual-cycle phase Self-selected (SS) low-carbohydrate (HF-LC) high-carbohydrate (LF-HC)
umol/L
0.3 Follicular 4.76 +0.20 4.24 -+ (.20 3.40 £0.20
0.3 Luteal 397+0.22 391+£0.21 3.75+0.22
1.0 Follicular 4.61+£0.19 4.29+0.20 3.60+0.19
1.0 Luteal 428 £0.19 4.39£0.20 3.53+0.22

* Least-square means + standard error of least-square means.

T Ratio of polyunsaturated to saturated fatty acids in the experimental diets.
1 The mean value during the LF-HC diet (3.57 + 0.10 pmol/L) was significantly lower according to least-square means than during the $S and

HF-LC diets (4.40 = 0.10 and 4.19 + 0.10 umol/L, respectively); p < 0.05.
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TABLE 6
Significant effects of various parameters by analysis of variance (ANOVA)

Insulin Glucagon Cortisol Growth hormone DHEA-S
Dietary period (high- vs low-fat) 0.01 0.02 0.002 NS 0.0001
P:S NS NS NS NS NS
Menstrual cycle 0.0003 NS NS 0.006 NS
Dictary period X P:S NS NS NS NS NS
Dietary period X menstrual-cycle phase NS NS NS NS NS
P:S X menstrual-cycle phase NS NS NS NS NS
Dietary peried X P:S X menstrual-cycle phase NS NS NS NS NS

pregnenolone level or its conversion to these steroids.
Decreases in plasma DHEA-S levels have also been ob-
served with age (29, 30) and in disorders of lipid metabo-
fism such as hypercholestemlemia (31, 32), cardiovascu-
lar disease (30, 33), and obesity (30, 34). Similarly,
DHEA treatment prevents hyperglycemia, islet atrophy,
and severity of diabetes in diabetic mice (28, 35). It also
lowers serum insulin levels in obese rats (36). In the pres-
ent study with normal female subjects, we observed the
expected negative correlation between plasma DHEA-S
and insulin levels.

In addition to dietary lipids, the menstrual cycle itself
can alter plasma lipid composition in women ( 37-40).
In women total cholesterol and triglyceride levels were
higher and the HDL-cholesterol level was lower in the
follicular phase than in the luteal phase (37). We now
report that hormones involved in lipid metabolism are
also altered during different phases of the cycle. Signifi-
cantly higher levels of plasma insulin and growth hor-
mone were observed during the luteal phase than during
the follicular phase. It is interesting to note that the calo-
ric requirements of women are higher during the luteal
phase (41, 42) of the menstrual cycle. [t is, however, not
known whether this is a consequence of the increased
insulin and growth hormone levels that we observed dur-
ing the luteal phase.

We did not observe any effect of the level of dietary fat
on plasma growth hormone in premenopausal women
but Johannessen et al (20) reported higher plasma
growth hormone in male subjects fed a fat-enriched diet
thap when fed a carbohydrate-enriched diet. High-fat
diets have also been reported to increase plasma prolac-
tin (43-45). somatostatin (21), and gastric inhibitory
polypeptide (46) and to decrease T; (20). Similarly, an
intraduodenal load of high fat in humans increased
plasma gastrin and vasoactive intestinal polypeptide
whereas a high carbohydrate load increased plasma gas-
tric inhibitory potypeptide (47).

Tt is thus clear that in humans the level of fat in the diet
alters the concentration of several hormones in plasma,
especially pancreatic, gut, and adrenal hormones, that
are involved in lipid metabolism, which in turn control
plasma lipid levels. In addition. phases of the menstrual
cycle per se affect plasma insulin and growth hormone.
However, the nature of dietary lipids, viz polyunsatu-
rated vs saturated fat, does not appear to have any ma;or

effect on plasma hormone levels. Thus, diets with vary-
ing concentrations of fat and carbohydrate lead to adap-
tive changes in hormonal balance in normal human sub-
jects.

The results from this study appear to indicate that the
relative contribution of dietary fat is an important deter-
minant of circulating hormonal levels of insulin, cortisot,
and DHEA-S. The long-term effects of moderate changes
in hormonal levels induced by diet on chronic metabolic
disorders is still vigorousty debated. kA
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