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Soy protein with isoflavones has favorable effects on endothelial
function that are independent of lipid and antioxidant effects in
healthy postmenopausal women1–3

Francene M Steinberg, Nicole L Guthrie, Amparo C Villablanca, Kavita Kumar, and Michael J Murray

ABSTRACT
Background: Controversy exists about the ability of soy protein
and isoflavones to modulate vascular reactivity and biochemical
cardiovascular disease risk markers in healthy, normolipidemic
postmenopausal women.
Objective: The objective was to investigate whether the con-
sumption of soy protein with isoflavones would result in improved
vascular reactivity and decreased biochemical markers of endothe-
lial dysfunction and inflammation, independent of enhanced lipid
and antioxidant effects.
Design: Healthy postmenopausal women (n = 28) were enrolled
in a randomized, double-blind, crossover study, and they con-
sumed 25 g of 3 protein products/d for 6 wk each, with inter-
vening washout periods. The products were isolated soy protein
with isoflavones, ethanol-washed isolated soy protein with trace
isoflavones, and total milk protein, which supplied 107, 2, and
0 mg total isoflavone (aglycone) units/d, respectively. We studied
vascular function by using brachial artery reactivity values,
plasma concentrations of vasoactive factors, endothelial inflam-
matory markers, and plasma isoflavone concentrations. The resis-
tance of whole plasma and isolated LDL to copper-mediated oxi-
dation was measured by conjugated diene formation.
Results: Postocclusion peak flow velocity of the brachial artery
was significantly (P = 0.03) lower after treatment with isolated
soy protein with isoflavones, which is consistent with a vasodila-
tory response, than after treatment with total milk protein.
Plasma isoflavones and metabolites were significantly (P < 0.01)
higher after treatment with isolated soy protein with isoflavones.
There were no significant changes in biochemical cardiovascu-
lar disease risk markers or conjugated diene formation between
the 3 dietary groups.
Conclusion: Daily consumption of soy protein with isoflavones
can result in positive vascular effects that are independent of
lipid and antioxidant effects in healthy postmenopausal
women. Am J Clin Nutr 2003;78:123–30.

KEY WORDS Soy, isoflavone, cardiovascular disease,
endothelial function, lipid oxidation, postmenopausal women

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of hospi-
talization and death for menopausal women in the United States
and other developed nations (1). The incidence of CVD among
postmenopausal women has been directly related to the loss of
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endogenous estrogen protection (2). Estrogen replacement ther-
apy or estrogen-and-progestin hormone replacement therapy
(HRT) has favorable effects on blood lipids and lipoprotein con-
centrations, antioxidant protection, endothelial function, and vas-
cular reactivity (2, 3). Yet despite the positive cellular effects of
estrogen therapy on markers of CVD, the clinical cardiovascular
health benefits of HRT for postmenopausal women remain con-
troversial, as shown by recent clinical trial findings (4–6). Thus,
cardioprotective nutritional, lifestyle, and pharmaceutical treat-
ments such as selective estrogen receptor modulators, which offer
postmenopausal women an alternative to traditional HRT, are of
increasing interest.

Soy is a rich source of the polyphenolic isoflavones genistein
and daidzein. Isoflavones are structurally similar to estradiol and
have a high binding affinity for the primary estrogen receptor in
the vascular wall, estrogen receptor �, relative to that for estro-
gen receptor � (7–9). Genistein, the predominate isoflavone,
contributes to a decrease in the oxidative susceptibility of LDL
in vitro and ex vivo (10–12) and has also been shown to have
other cellular activities that may influence vascular tissue metab-
olism, such as inhibition of tyrosine kinase activity, decreased
smooth muscle cell proliferation, and nitric oxide–dependent
relaxation (13–15).

Animal data show that isoflavones improve vascular reactivity
in a manner similar to that of estradiol and that they may interact
with estradiol to enhance endothelial function (16–18). However,
the effects of soy and isoflavones on vascular reactivity in
menopausal women are less clear. Five studies investigated this
question in postmenopausal women by using total isoflavones in
a range of 54–118 mg/d (19–23). Two of these studies reported
positive changes: one study found significant improvements in
systemic arterial compliance (19), and the other, more recent study
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TABLE 1
Nutrient content of study proteins1

TMP Soy� Soy+

Protein (g) 25 24 25
Fat (g) 0.2 1 1
Total isoflavones (mg)2 — 2 107

Genistein — 1 55
Daidzein — 0.5 47
Glycitein — 0.5 5

1 Values given are for 1 packet of study product (36.5 g) rounded to the
nearest whole number. TMP, total milk protein; Soy�, ethanol-washed iso-
lated soy protein with trace isoflavones; Soy+, isolated soy protein with
isoflavones.

2 Aglycone units.

reported a significant increase in flow-mediated vasodilation of
the brachial artery, which was associated with changes in bio-
chemical measures of endothelial metabolites (20). Of the other 3
studies, 1 reported significantly decreased blood pressure with
peripheral vasodilation (23), and 2 reported no significant changes
in endothelial function (21, 22).

Further investigation into the effects of soy protein with
isoflavones in postmenopausal women is warranted to clarify
issues of efficacy with regard to vascular function. The aim of the
present study was to obtain information as to the additional ben-
efits that soy protein with and without isoflavones may bring to
an already healthy diet, by determining whether soy improved
endothelial function, CVD risk markers, and antioxidant defense
in healthy, free-living postmenopausal women who maintained
their usual diets and use of vitamin and mineral supplements. This
question is particularly relevant, given the increasing promotion
and use of soy products and supplements in this population seg-
ment and in light of the still unanswered questions about potential
cardiovascular benefits.

SUBJECTS AND METHODS

Subjects

Healthy postmenopausal women were recruited through adver-
tisements in the local newspaper and postings throughout the Uni-
versity of California, Davis, Medical Center. The Institutional
Review Board at the University of California, Davis, approved the
protocol, and all participants provided written informed consent
before the start of the study. Inclusion criteria for participants
included menopausal status, as defined by the absence of menstrual
bleeding in the past 12 mo and follicle-stimulating hormone con-
centrations of ≥ 23 IU/L. Exclusion criteria included the following:
HRT use in the past 6 mo, hyperlipidemia [total choles-
terol: ≥ 5.17 mmol/L (or 200 mg/dL)], medications to treat high
blood pressure or hypercholesterolemia, gastrointestinal abnormal-
ities affecting dietary intake, a previous heart attack or diagnosis of
heart disease, hepatic or renal disease, diabetes, cancer, history of
thrombosis or blood vessel abnormalities, history of migraine
headaches, allergy to soy or milk protein, and a body mass index
(in kg/m2) > 30. A brief medical history questionnaire was com-
pleted by all participants to establish a state of general good health.

Study design

Participants were assigned to 1 of 3 treatment schemes in a ran-
domized, double-blind, crossover design, such that all subjects

ultimately underwent all 3 treatment regimens. Each scheme out-
lined the order of consumption of the 3 protein supplements: isolated
soy protein with naturally occurring isoflavones (Soy+), ethanol-
washed isolated soy protein with trace amounts of isoflavones
(Soy�), and total milk protein (TMP), which contained 107.67, 1.82,
and 0 mg of total isoflavones (aglycone units), respectively, in a daily
dose of 25 g protein. This allowed for comparison of the effects due
to isoflavones themselves with those due to the protein matrix. The
macronutrient, vitamin, and mineral contents of the 3 protein pow-
ders were equal. Details of the isoflavone and nutrient contents of the
study products are shown in Table 1. DuPont Protein Technologies
(St Louis) supplied the protein products used in the study.

The study consisted of three 6-wk intervention periods sepa-
rated by 4-wk washout periods. Participants completed a total of
4 clinic visits (at weeks 0, 6, 16, and 26) at which they met with
a nutritionist, weight and height were recorded, blood samples
were obtained, and flow-mediated dilation was measured. Fasting
(12-h) blood samples were collected at each clinic visit. Plasma
samples were immediately centrifuged, and serum samples were
incubated at room temperature for 15 min before centrifugation
(833 � g for 15 min at 4 �C). All samples were divided into
aliquots and stored at �80 �C until they were analyzed.

A 6-wk supply of the assigned protein was provided in meas-
ured individual packets at weeks 0, 6, and 16. Any unused pack-
ets of protein were returned by the participants, and the quantity
returned provided a gross measurement of adherence to the inter-
vention. The participants mixed the protein powder with their
choice of beverage and consumed the full serving daily. Instruc-
tions were given on how to include the daily protein in their nor-
mal diet without increasing their usual protein or energy intake.

Participants were advised to maintain their usual dietary habits
consistently throughout the study and were instructed to abstain
from all additional soy foods, soy- or phytoestrogen-fortified
products, and known phytoestrogen-rich herbal supplements. Each
participant’s vitamin and mineral supplement use was recorded at
the first clinic visit (week 0), and participants were instructed to
make no changes in the doses used during the study period. They
were advised to abstain from alcoholic beverages and phyto-
chemical-rich foods (including, tea, flaxseed products, and choco-
late), which may alter endothelial function, throughout the study
and in particular for 24 h before each clinic visit.

Participants were instructed on how to keep accurate 3-d food
records. Records were kept for 3 alternating days, including one
weekend day, during the week before the clinic visit at weeks 6,
16, and 26. Completed food records were reviewed for adequate
details and adherence to guidelines. Dietary intake was analyzed
with the use of NUTRITIONIST V software, version 2 (First Data
Bank, San Bruno, CA).

Brachial artery reactivity

Changes in vessel diameter after reactive hyperemia (endothe-
lium-dependent vasodilation) and after the taking of sublingual
nitroglycerin (endothelium-independent vasodilation) were meas-
ured according to previously described methods (24). Brachial
artery ultrasound scans were performed after an overnight fast and
with the subjects at rest after lying in the supine position
for ≥ 10 min. Studies were performed by 2 experienced vascular
ultrasound technicians with the use of a Sonos 5500 ultrasound
machine (Hewlett-Packard, Palo Alto, CA) and a high-resolution
(7.5-MHz) linear array transducer. The variability in measure-
ments between the tests performed by the 2 technicians was < 5%.
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The left brachial artery was imaged above (3–7 cm) the antecu-
bital fossa and arterial bifurcation with a vascular probe positioned at
an angle of 60�. First, baseline brachial artery diameter and flow were
measured. Then, a blood pressure cuff was inflated to suprasystolic
pressure (≥ 30 mm Hg higher than the subject’s systolic blood pres-
sure), and the vessel was compressed for 5 min. To obtain the pos-
tocclusion data, the cuff was deflated and brachial artery diameter
and flow were remeasured within 15 s after compression during reac-
tive hyperemia. A second baseline measurement of brachial artery
diameter and flow was taken after 10 min. Then, a sublingual nitro-
glycerin tablet (0.4 mg) was administered to each subject, and a post-
nitroglycerin measurement of left brachial artery flow velocity and
diameter was made within 4 min. The mean of the 2 baseline meas-
urements was defined as the resting vessel diameter. Peak flow veloc-
ity (PFV) was defined as blood flow in cm/s during reactive hyper-
emia. The change in PFV was calculated as the percentage of change
in flow velocity after occlusion compared with the mean of the 2 base-
line values. Flow-mediated dilation was calculated as the percentage
of change in vessel diameter after occlusion compared with the mean
of the 2 baseline values. In addition, the percentage of change in post-
nitroglycerin vessel diameter and flow was calculated and compared
with the baseline and postocclusion values to evaluate the endothe-
lium-dependent dilation in relation to the maximum dilation of the
brachial artery as assessed after nitroglycerin administration.

Biochemical endothelial cell markers

To determine whether changes in brachial artery reactivity were
coupled with changes in biochemical markers of endothelial func-
tion and vascular inflammation, we measured plasma concentra-
tions of vasoactive factors and inflammatory markers. The coun-
terregulatory vasoactive factor endothelin 1 (ET-1) and nitric oxide
metabolites were of particular interest because of genistein’s pos-
tulated nitric oxide–dependent effects on the vascular wall. Plasma
total nitrite concentration was assayed with a colorimetric kit
(Cayman Chemical, Ann Arbor, MI), which uses the reduction of
nitrates to nitrites and the addition of Griess reagents (Cayman
Chemical) for detection at 550 nm. Citrated plasma was ultrafil-
trated through a 30-kDa molecular weight microfuge ultrafiltra-
tion device (Millipore, Bedford, MA) before assay to reduce back-
ground absorbance. Sensitivity of the assay was 2.5 mmol/L.
Serum ET-1 was measured with the use of a QuantiGlo chemilu-
minescence immunoassay (R & D Systems, Minneapolis). The
sensitivity of the assay was 0.16 pg/mL. Crossreactivity with
endothelium 3 was 7.8%, that with endothelium 2 was 27.4%, and
that with proendothelin was negligible.

Cellular adhesion molecules (CAMs) are among the many mark-
ers of vascular inflammation and are known to respond to hormonal
manipulation. We sought to determine the effect of the soy diets on
2 such markers, soluble intercellular CAM-1 (sICAM-1) and solu-
ble vascular CAM-1 (sVCAM-1), and on E-selectin. Soluble CAMs
were measured in serum with the use of sandwich enzyme-linked
immunoassay kits (R & D Systems). Serum samples were diluted
20-fold for measurement of sICAM-1 and E-selectin and 50-fold for
measurement of sVCAM-1. The sensitivity of the assays was 0.35,
0.1, and 2.0 ng/mL, respectively, and there was no cross-reactivity
with other adhesion molecules. Interassay and intraassay CVs for all
assays were < 10% as determined in human serum.

Follicle-stimulating hormone and estradiol

Menopausal status was verified by serum concentrations of fol-
licle-stimulating hormone measured at the University of California,

Davis, Medical Center clinical laboratory with the use of a two-
site chemiluminometric immunoassay (Bayer Diagnostics, Med-
field, MA). Plasma estradiol (E-2) and estrone (E-1) concentra-
tions were measured at the Laboratory for Reproductive Biology,
University of North Carolina, Chapel Hill, with the use of
radioimmunoassay kits (Diagnostic Systems Laboratories, Inc,
Webster, TX). The intraassay and interassay CVs for analysis of
E-1 were 9.4% and 10.2%, and those for analysis of E-2 were
5.3% and 4.9%, respectively. The E-1 radioimmunoassay has
cross-reactivity with E-2 of 1.25% and the E-2 radioimmunoas-
say has cross-reactivity with E-1 of 0.86%. The cross-reactivity
of both the E-1 and E-2 radioimmunoassays with isoflavones is
unknown, although it is < 1% with all other mammalian estro-
gens, except as noted above. The estrone and estradiol kits were
sensitive at concentrations of 4.4 and 23.9 pmol/L, respectively.

Plasma isoflavones

Plasma concentrations of the isoflavones and metabolites genis-
tein, daidzein, dihydrodaidzein, equol, ortho-desmethylangolensin,
and glycitein were measured by using HPLC with electrochemi-
cal detection (25). Briefly, samples were hydrolyzed overnight in
the presence of �-glucuronidase in a sodium acetate buffer.
Isoflavones were then extracted into methyl tert-butyl ether,
dehydrated, and reconstituted in methanol and water. Separation
was performed with the use of reverse-phase HPLC with a Model
5600 CoulArray 8 Channel Detector (ESA, Inc, Chelmsford, MA)
and quantified with the use of standards of known concentration.
The minimum concentration for detection for all isoflavones was
5 ng/mL. The intraassay and interassay CVs for all 6 isoflavones
ranged from 3% to 15%.

Blood lipids

Fasting serum lipids (total and HDL cholesterol and tria-
cylglycerol) were measured with the use of automated enzy-
matic methods at the clinical laboratory. Analysis was per-
formed on a Synchron LX-20 System (Beckman Coulter, Inc,
Brea, CA). LDL cholesterol was calculated by using the equa-
tion of Friedwald et al (26). All samples were processed within
2 h of collection.

Formation of conjugated dienes in whole plasma and LDL
oxidation

To determine whether soy protein with isoflavones functioned as
a lipid antioxidant in normolipidemic subjects, we determined the
resistance of whole plasma and isolated LDL to copper-mediated
oxidation. The formation of conjugated dienes (CDs) resulting
from the oxidation of polyunsaturated fatty acids in whole plasma
exposed to copper ions was measured with the use of a spec-
trophotometric method adapted from Kontush et al (27). Citrated
plasma samples were diluted 1:50 with phosphate-buffered solu-
tion (pH 7.4), and 10 �L of a 10-nmol CuSO4/L solution was
added to the diluted plasma, for a final copper concentration of
100 �mol/L. Absorption was measured at 245 nm with a 12-cell
visible spectrophotometer (UV-1601; Shimadzu Scientific Instru-
ments, Inc, Columbia, MD) with an external temperature con-
troller set at 37 �C. Absorption was read until a maximum CD for-
mation was reached and a plateau was observed (�120 min). Data
were graphed as time (min) versus absorbance. The length of time
before CD formation began (lag time) was calculated by the inter-
section of the lines corresponding to the lag phase and the propa-
gation phase on the graph. Samples from each of the 4 study time
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TABLE 2
Subject characteristics at baseline1

Treatment scheme2

A (n = 11) B (n = 7) C (n = 10) All (n = 28)

Age (y) 54.1 ± 1.03 55.9 ± 2.8 55.0 ± 1.6 54.9 ± 1.0
BMI (kg/m2) 24.3 ± 0.7 24.8 ± 0.6 24.8 ± 0.6 24.6 ± 0.6
FSH (IU/L)4 75.9 ± 3.5 74.8 ± 5.1 81.5 ± 5.5 77.7 ± 5.5
Surgical menopause (n) 0 0 2 2

1 There were no significant differences between treatments (repeated-
measures ANOVA). FSH, follicle-stimulating hormone.

2 The order in which the subjects received the dietary treatment:
A = isolated soy protein with isoflavones (Soy+), total milk protein (TMP),
and ethanol-washed isolated soy protein with trace isoflavones (Soy�);
B = Soy�, Soy+, and TMP; C = TMP, Soy�, and Soy+.

3 x– ± SEM.
4 Postmenopause range >23 IU/L.

TABLE 3
Dietary intake of subjects in each dietary period1

Nutrient TMP Soy� Soy+

Energy (MJ) 8.0 ± 0.4 7.2 ± 0.4 7.6 ± 0.3
Carbohydrate (g/d) 263.7 ± 15.0 225.7 ± 14.2 247.9 ± 12.7
Protein (g/d) 91.1 ± 4.0 84.3 ± 5.2 89.6 ± 4.5
Total fat (g/d) 55.3 ± 4.8 52.1 ± 4.5 52.4 ± 4.1

Saturated 17.1 ± 1.7 16.3 ± 1.5 15.5 ± 1.4
Polyunsaturated 9.1 ± 1.0 9.2 ± 1.1 8.8 ± 0.8
Monounsaturated 16.4 ± 1.8 16.6 ± 2.2 15.7 ± 1.8

Cholesterol (mg/d) 178.1 ± 20.1 175.9 ± 18.4 164.4 ± 16.8
Fiber (mg/d) 21.2 ± 1.7 19.4 ± 1.7 21.6 ± 1.9
Vitamin C (mg/d)2 395.2 ± 77.9 377.3 ± 94.0 410.1 ± 87.2
�-Tocopherol equivalents2 55.8 ± 17.9 66.5 ± 29.0 85.8 ± 34.6
�-Carotene (�g/d) 990.9 ± 253.5 970.2 ± 224.7 422.0 ± 88.4

1 x– ± SEM; n = 28. TMP, total milk protein; Soy�, ethanol-washed iso-
lated soy protein with trace isoflavones; Soy+, isolated soy protein with
isoflavones. There were no significant differences between treatments
(repeated-measures ANOVA).

2 Intake from diet and supplements.

points for each participant were analyzed in triplicate in the same
run to minimize variability.

LDL was isolated from plasma by microultracentrifugation
according to the method of Brousseau et al (28). EDTA was
removed from the LDL by overnight dialysis in phosphate-
buffered solution (pH 7.4) treated with Chelex 100 (Bio-Rad,
Richmond, CA) and purged with nitrogen. The amount of choles-
terol in the samples was quantified with the use of a Boehringer
Mannheim cholesterol kit (Boehringer Mannheim, Indianapolis).
CD formation was measured as described by Esterbauer (29). A
volume of dialyzed LDL sample containing 75 �g of cholesterol
was added to a quartz cuvette containing phosphate-buffered solu-
tion (pH 7.4) and copper sulfate to yield a final concentration of
5 �mol/L in 1 mL total volume. Absorption was read at 234 nm
until maximum CD formation was reached and a plateau was
observed (�200 min). Data were analyzed in the same manner as
described above in the whole-plasma oxidation studies. All samples
for each participant were analyzed in duplicate in the same run.

Statistical analysis

Data are presented as means (± SEMs), unless stated otherwise,
of duplicate or triplicate sample values. Statistical analysis was per-
formed with the use of SPSS for WINDOWS software, version 10.0
(SPSS Inc, Chicago) and SAS for WINDOWS software (SAS Insti-
tute, Inc, Cary, NC). Comparisons among the 3 treatments were
done by repeated-measures analysis of variance and two-factor
repeated-measures analysis of variance with interaction terms for
comparison of brachial artery reactivity with and without nitro-
glycerin. The Tukey-Kramer post hoc test for multiple comparisons
was used. Differences were considered significant if P ≤ 0.05.

RESULTS

Clinical characteristics

Forty-two women were enrolled, and 28 completed the study.
Twenty-six of the participants were white, 1 was African Ameri-
can, and 1 was Ethiopian. A total of 14 women withdrew from the
study: 3 stated they were unable to tolerate the protein, 2 because
of gastrointestinal disturbances (constipation or diarrhea) and 1
because of taste intolerance; 8 women withdrew because of time
constraints related to attending clinic visits or participating in the
intervention; and 3 women did not finish the study for reasons

unrelated to the intervention. There were no differences in the
baseline characteristics between these 14 women and those com-
pleting the study.

The baseline characteristics of the 28 women completing the
study (Table 2) were comparable among treatment groups with
regard to age, body mass index, follicle-stimulating hormone,
and blood lipids. Body weight did not change significantly in
any of the treatment groups throughout the 26-wk study. Serum
estrone and estradiol concentrations were consistent with a lack
of endogenous ovarian estrogen production in all of the women
and did not vary after any of the treatments (observations not
shown). No effect of treatment order was seen for any of the
variables examined.

Diet

Dietary intake was evaluated at 3 time points during the study
by the collection of 3-d food records. Macronutrients as a per-
centage of total energy were well matched among the 3 groups.
The mean intakes in the Soy+, Soy�, and TMP treatment groups
were, respectively, 54%, 52%, and 55% for carbohydrate; 20%,
20%, and 19% for protein; and 26%, 27%, and 25% for fat. No
significant differences were found among treatment groups in the
intakes of energy, macronutrients, fiber, �-carotene, vitamins C
and E, or any other nutrients (Table 3).

Eleven subjects consumed vitamin and mineral supplements on
a regular basis, and therefore their mean intake of dietary antiox-
idants exceeded the recommended dietary intake throughout the
study. The mean intakes of vitamins C and E in all groups were,
respectively, �525% and �450% above the recommended daily
allowances for this population. Vitamin supplement users were
included in the study to evaluate the potential for soy protein to
modulate the oxidative susceptibility of whole plasma and LDL
under these conditions, because of the widespread use of supple-
ments in this age group. Subgroup analysis of nonsupplement
users did not reveal any trends in analyses compared with vitamin
supplement users, but the number of subjects was not large enough
for the detection of significance.

The consumption of meatless meals, fruit, and vegetables was
also common in this study population. During the entire study
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FIGURE 1. Mean (± SEM) percentages of change in brachial artery
peak flow velocity (PFV; in cm/s). Postocclusion values (�) represent
endothelium-dependent vasodilatory responses. Nitroglycerin-mediated
vasodilation (�) represents endothelium-independent responses. The
effect of the nitroglycerin-by-treatment interaction was not significant
(P = 0.31), with a significant main effect difference noted among treat-
ments. PFV after treatment with isolated soy protein containing
isoflavones (Soy+) was significantly (37%; P = 0.03) lower than that after
treatment with total milk protein (TMP). PFV after treatment with ethanol-
washed isolated soy protein with trace isoflavones (Soy�) was interme-
diate in value and did not differ significantly from that after TMP treat-
ment. The nitroglycerin vasodilatory response was more robust than the
postocclusion response. Significance (P < 0.05) was determined with the
use of two-factor repeated-measures ANOVA with interaction term and
the Tukey-Kramer post hoc test.

TABLE 4
Biochemical markers of endothelial function1

TMP Soy� Soy+

Endothelial metabolites
Nitric oxide products (�mol/L) 31.2 ± 3.3 31.5 ± 3.2 33.7 ± 4.1
ET-1 (pg/mL) 2.2 ± 0.2 2.1 ± 0.2 1.9 ± 0.2

Cell adhesion molecules
sE-selectin (ng/mL) 45.5 ± 5.1 41.3 ± 4.0 43.5 ± 4.2
sVCAM-1 (ng/mL) 472.1 ± 24.4 458.2 ± 16.8 488.9 ± 24.9
sICAM-1 (ng/mL) 280.7 ± 22.2 250.7 ± 11.5 269.2 ± 12.3

1 x– ± SEM. n = 27, 24, and 28 for nitric oxide products, ET-1, and cell
adhesion molecules, respectively. TMP, total milk protein; Soy�, ethanol-
washed isolated soy protein with trace isoflavones; Soy+, isolated soy pro-
tein with isoflavones; ET-1, endothelin 1; sE-selectin, soluble E-selectin;
sVCAM-1, soluble vascular cell adhesion molecules-1; sICAM-1, soluble
intercellular cell adhesion molecules-1. There were no significant differ-
ences between treatments for all variables (repeated-measures ANOVA).

period, < 45% of the meals eaten by 13 of the participants were
meatless. The number of servings of lean and high-fat meats/d for
all participants, calculated with the use of NUTRITIONIST V
software, was 4.06 ± 1.67 and 0.45 ± 0.71, respectively. The num-
ber of servings of fruit and vegetables/d for all participants was
3.07 ± 1.98 and 1.55 ± 1.67, respectively. Adherence to the daily
protein supplements was ≥ 93% throughout the study.

Plasma isoflavones

The plasma concentrations of isoflavones and metabolites were
5 pg/dL or less in the Soy– and TMP groups. Fasting mean
plasma concentrations of daidzein, dihydrodaidzein, equol, genis-
tein, and ortho-desmethylangolensin at completion of the Soy+
treatment were 55.2 ± 1.8, 21.3 ± 7.7, 35.6 ± 10.3, 81.9 ± 14.4,
and 30.5 ± 6.5 pg/dL, respectively, and they were significantly
(P ≤ 0.01) higher than values in samples taken at baseline and
after the Soy� and TMP treatments (observations not shown).
The daidzein concentration in the TMP group was initially not
significantly lower, because 2 participants presented with
daidzein values at baseline that were comparable to their con-
centration after the Soy+ treatment, probably as a result of inad-
vertent dietary indiscretion. An analysis of the data that excluded
these 2 participants resulted in a daidzein value after the TMP
treatment that was significantly lower than that after the Soy+
treatment. All other data were analyzed with the exclusion of
these 2 participants, and no effects on statistical significance
were found. Equol was produced by 10 of the subjects. Baseline

characteristics of these subjects were similar to those of the rest
of the experimental group. Subgroup analysis of the data includ-
ing only the equol producers did not result in variations from the
analysis of all 28 participants, but the number of subjects was not
large enough to detect significance (data not shown).

Brachial artery reactivity

To assess the effect of the soy protein diets on vascular func-
tion, as measured by brachial artery reactivity, we compared the
baseline, postocclusion, and postnitroglycerin brachial artery ves-
sel diameter and PFV in the Soy+, Soy�, and TMP (control) treat-
ment groups. The brachial artery postocclusion vessel diameters
did not differ significantly among treatment groups and were
within 5% of the baseline values. Postnitroglycerin vessel diam-
eters increased 16–18% compared with baseline, and they also
did not differ among groups. However, the PFV was significantly
(P = 0.03) lower at the end of the Soy+ treatment than that at the
end of the TMP treatment, which is consistent with a vasodilatory
response (Figure 1). The Soy� treatment PFV did not differ signi-
ficantly from the TMP or Soy+ treatment PFV. There was no signi-
ficant (P = 0.31) effect for the nitroglycerin-by-treatment interac-
tion term in the two-factor repeated-measures analysis of variance.
Thus, the overall effect of the Soy+ treatment was consistent
between conditions (ie, with and without nitroglycerin), although
the average values with nitroglycerin tended to be lower.

Endothelial markers

The data for biochemical markers of endothelial function in the
3 treatment groups are summarized in Table 4. Plasma nitric
oxide–derived products (ie, total nitrate + nitrite concentration)
did not differ significantly among treatment groups or when com-
pared with the mean baseline value. Similarly, ET-1 concentra-
tions did not differ significantly among groups or when compared
with the mean baseline. There was a trend for nitric oxide to
increase and for ET-1 to decrease in the Soy+ group compared
with the other diet treatments, but this trend did not reach statis-
tical significance. No significant differences were observed in the
serum concentrations of sVCAM-1 and sICAM-1 or in soluble
E-selectin among the treatment groups.

Blood lipids and oxidation values

All participants had baseline fasting serum lipid profiles within
the recommended National Cholesterol Education Program Step II
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guidelines. After the dietary treatments, there were no statisti-
cally significant changes in blood lipids among groups (Table 5).
However, in comparison to baseline, there were decreases in total
and LDL cholesterol in the Soy+ group [0.09 and 0.03 mmol/L
(or 3.59 and 1.12 mg/dL), respectively], unchanged lipid values
in the Soy� group [0.01 and �0.02 mmol/L (or 0.22 and
�0.64 mg/dL), respectively], and increases in lipid values in the
TMP group [0.08 and 0.04 mmol/L (or 3.25 and 1.73 mg/dL),
respectively]. The latter changes were similar in magnitude but
opposite in direction to the changes seen in the Soy+ group.
Measurement of lipid oxidation susceptibility by CD formation in
whole plasma and isolated LDL showed no significant differences
among treatment groups either as absolute values or as the change
in lag time from baseline (data not shown).

DISCUSSION

Intact vasomotor tone is an important physiologic characteristic
of healthy, nonarteriosclerotic vessels. Endothelium-dependent
vasodilation undergoes an age-related decline in both men and
women, and, in particular, it decreases significantly in women
after menopause (30, 31). Supplemental estrogen and combined
HRT improve vascular reactivity in most but not all studies of
postmenopausal women through the genomic and nongenomic
effects on nitric oxide, ET-1, and intracellular calcium (31–37).
Furthermore, genistein infused at or above physiologic plasma
concentrations results in acute nitric oxide–dependent vasodila-
tion in forearm vasculature of men and women with a potency that
is similar to the dilatation resulting from 17 �-estradiol adminis-
tration (15). However, clinical trials of the efficacy of soy
isoflavones in modulating endothelial function in postmenopausal
women have produced conflicting results.

We observed that PFV with the Soy+ treatment was signifi-
cantly lower than that with the TMP treatment. These findings are
consistent with the research of others and suggest that, although
both the isoflavone and protein components of soybeans can have
a beneficial effect on cardiovascular health, the combination of
soy protein and isoflavones probably conveys more benefit than
does either component alone (38, 39). The endothelium-inde-
pendent response to nitroglycerin was robust in all subjects, which
indicated normal physiologic responsiveness and supported the
possibility of an endothelium-dependent mechanism for the reduc-
tions observed in PFV with the consumption of soy protein with
isoflavones. It was surprising that an increased vessel diameter
was not detected, despite the decrease in flow velocity. However,

it is possible that the amount of endothelium-dependent vasodila-
tion was maintained to a greater extent in this healthy population
than in other studies of postmenopausal women. Factors possibly
contributing to the variable results in this field that have been
observed in previous studies include the length of time the soy or
isoflavone supplement is consumed, the dose of isoflavones, the
presence of CVD risk factors such as hypercholesterolemia that
impair endothelial function, and the sensitivity of the values of
endothelial responsiveness that are assessed (19–23, 40).

Only one prior study examined endothelial function in post-
menopausal women in response to soy protein with isoflavones
(containing 54 mg genistein/d), and it did not find a response in
brachial artery reactivity but, interestingly, did find significant
decreases in the pulse wave velocity of the femorodorsalis arte-
rial segment and in blood pressure, results that are consistent
with peripheral vasodilation (23). In a recent study of post-
menopausal women receiving isoflavone tablets for 6 mo, inves-
tigators found significantly increased flow-mediated brachial
artery vasodilation that was correlated with an increased ratio of
nitric oxide products to ET-1, which suggested possible path-
ways through which isoflavones may mediate vascular reactivity
(20). Another research group found significant improvements in
systemic arterial compliance (19). Both of these studies used
tablets that delivered 45–54 mg genistein/d, a dose essentially
similar to the 55 mg genistein contained in the daily soy protein
in the current study. The remaining studies used soy isoflavone
tablets containing 40 mg or unspecified amounts of genistein,
taken daily for periods of 2–9 wk, and did not show improve-
ments in brachial artery reactivity (21, 22). Some of these stud-
ies have included perimenopausal and postmenopausal women
who had mild endothelial dysfunction or hypertension, but
these populations were healthy for the most part. Thus, in the
context of prior studies, our data support a positive effect on
vascular function of the consumption of soy protein with
isoflavones containing � 50 mg genistein/d, even in a very
healthy, normolipidemic postmenopausal population.

There were no previous reports in the clinical literature of the
effect of soy isoflavones on the soluble plasma CAMs VCAM-
1, ICAM-1, and E-selectin. The CAMs are elevated in persons
with coronary artery disease or diabetes and in postmenopausal
women, and they also are markers for endothelial dysfunction,
inflammation, and CVD risk (41–43). Estrogen replacement
therapy results in fewer soluble adhesion markers (44, 45). Our
results reveal no significant changes in soluble CAMs with the
consumption of soy with or without isoflavones, which suggests
no benefit to these risk markers in a healthy postmenopausal
population without evidence of inflammation. Thus, the
improved vasoreactivity in response to the Soy+ treatment does
not appear occur via an inflammation-sensitive mechanism. It
is possible, however, that biochemical markers of endothelial
function and of endothelial reactivity may be more responsive
to soy isoflavones when other CVD risk factors and inflamma-
tion are present; this would be analogous to the greater lipid-
lowering effects of soy protein with isoflavones that are seen in
hypercholesterolemic persons.

Studies examining the effects of soy proteins with isoflavones in
postmenopausal women showed modest blood lipid–lowering effects
relative to HRT, with responses being more robust in persons with
significant hyperlipidemia (39, 46–51) and inconsistent in nor-
molipidemic persons (23, 52). The small changes in plasma lipids in
response to soy proteins did not reach statistical significance in our

TABLE 5
Fasting serum lipids at baseline and by treatment1

Baseline TMP Soy� Soy+

Cholesterol
Total (mmol/L) 4.91 ± 0.1 5.00 ± 0.1 4.92 ± 0.2 4.82 ± 0.1
LDL (mmol/L) 2.89 ± 0.1 2.94 ± 0.1 2.87 ± 0.1 2.86 ± 0.1
HDL (mmol/L) 1.55 ± 0.1 1.61 ± 0.1 1.55 ± 0.1 1.49 ± 0.1
Total:HDL 3.2 ± 0.2 3.1 ± 0.2 3.2 ± 0.2 3.2 ± 0.2

Triacylglycerol (mmol/L) 1.03 ± 0.1 0.98 ± 0.1 1.08 ± 0.1 1.04 ± 0.1
1 x– ± SEM; n = 24. TMP, total milk protein; Soy�, ethanol-washed

isolated soy protein with trace isoflavones; Soy+, isolated soy protein
with isoflavones. There were no significant differences between treat-
ments (repeated-measures ANOVA). Conversion factors: cholesterol,
mg/dL � 0.02586 = mmol/L; triacylglycerol, mg/dL � 0.01129 = mmol/L.
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healthy, normocholesterolemic population, which is consistent
with previous results. The subjects in the current study had self-
selected diets that met the National Cholesterol Education Pro-
gram Step II guidelines and often included a large proportion of
meatless meals. Two previous studies noted a lack of plasma lipid
response to soy proteins when the intake of cholesterol is low
(≤ 200 mg/d) (53, 54). In contrast, purified isoflavones, which are
essentially devoid of protein, do not lower lipids or decrease oxi-
dation susceptibility, which suggests a role for the soy protein
matrix (21, 22, 55).

Most of the studies that measured oxidation resistance in
response to soy treatment showed improvements in either the lag
time for CD formation (11, 12) or the in vivo CD formation with
control for antioxidant intake (56). We did not find significant
improvements in the antioxidant capacity of whole plasma or iso-
lated LDL cholesterol. As predicted, the regular high intake of
fruit and vegetables in addition to the use of vitamin and mineral
supplements in this free-living population provided sufficient
antioxidants, which masked any antioxidant effects of the soy pro-
tein. This finding does not preclude the possibility that a benefi-
cial effect could be observed in women with suboptimal diets that
are low in antioxidant-containing fruit and vegetables, as would
be consistent with previous reports.

In summary, in this study we showed that a diet rich in soy pro-
tein with isoflavones resulted in significantly increased plasma
isoflavone concentrations and significant favorable effects in
brachial artery PFV that are consistent with a vasodilatory
response. Our results are significant because heretofore it was
unclear whether soy has vascular benefits in a healthy, nor-
molipidemic, menopausal population. The data suggest that the
consumption of 25 g soy protein with 55 mg genistein in a total
consumption of 107 mg isoflavones/d has a benefit for vascular
reactivity that is independent of plasma antioxidant actions and
lipid-lowering effects. Our findings have implications for the
growing population of healthy postmenopausal women who may
wish to consume soy products with isoflavones or naturally
occurring selective estrogen-receptor modulators. Further
research is needed to clarify both the mechanisms by which soy
proteins and isoflavones affect vascular tissues, and the clinical
significance of such effects.
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