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Dietary Plant Sterols Supplementation Increases
In Vivo Nitrite and Nitrate Production in Healthy
Adults: A Randomized, Controlled Study
Xing Lin Ho and Wai Mun Loke

Abstract: A randomized, double-blinded, placebo-controlled and crossover study was conducted to simultaneously
measure the effects, 3 h after consumption and after 4-wk daily exposure to plant sterols-enriched food product, on in
vivo nitrite and nitrate production in healthy adults. Eighteen healthy participants (67% female, 35.3 [mean] ± 9.5 [SD]
years, mean body mass index 22.8 kg/m2) received 2 soy milk (20 g) treatments daily: placebo and one containing 2.0 g free
plant sterols equivalent of their palmityl esters (β-sitosterol, 55%; campesterol, 29%; and stigmasterol, 23%). Nitrite and
nitrate concentrations were measured in the blood plasma and urine, using stable isotope-labeled gas chromatography-
mass spectrometry. L-arginine and asymmetric dimethylarginine concentrations in blood serum were measured using
commercially available enzyme immunoassays. Nitrite and nitrate concentrations in blood plasma (nitrite 5.83 ± 0.50
vs. 4.52 ± 0.27; nitrate 15.78 ± 0.96 vs. 13.43 ± 0.81 μmol/L) and urine (nitrite 1.12 ± 0.22 vs. 0.92 ± 0.36, nitrate
12.23 ± 1.15 vs. 9.71 ± 2.04 μmol/L) were significantly elevated after 4-wk plant sterols supplementation Placebo
and 3-h treatments did not affect the blood plasma and urinary concentrations of nitrite and nitrate. Circulating levels
of L-arginine and asymmetric dimethylarginine were unchanged in the placebo and treatment arms. Total plant sterols,
β-Sitosterol, campesterol, and stigmasterol concentrations were significantly elevated after 4-wk treatments compared to
the placebo and 3-h treatments. Blood plasma nitrite and nitrate concentrations correlated significantly with the plasma
total and specific plant sterol concentrations. Our results suggest that dietary plant sterols, in the combination used, can
upregulate nitrite, and nitrate production in vivo.
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Practical Application: Plant sterols supplementation in the presence of a food matrix may upregulate the vascular
nitric oxide expression, and contribute to vascular health. Specific plant sterols, such as β-sitosterol, campesterol, and
stigmasterol exerted differential effects on the vascular nitric oxide production. The incorporation or enrichment of plant
sterols mixture or specific plant sterols, like campesterol, into suitable food products, may enhance their vascular health
benefits.

Introduction
Inflammation, oxidative stress, alterations in hemodynamic

forces, and other injurious stimuli may cause vascular endothelial
cells to exhibit proatherogenic alterations (Verma and Anderson
2002). Endothelial function has been proposed to serve as an excel-
lent “barometer” of underlying vascular health (Vita and Keaney
2002), and modulation of endothelial function may serve as a
potential cardiovascular therapeutic target. It is agreed that en-
dothelial change can be documented by measuring plasma levels
of endothelial cell-generated vaso-reactive molecules, like nitric
oxide (NO). The vascular endothelium maintains vascular home-
ostasis and regulates vascular tone by controlling the production
of the vasodilating NO (Rassaf and others 2002). The endothelial
nitric oxide synthase (eNOS) catalyzes the formation of NO from

JFDS-2017-0153 Submitted 1/26/2017, Accepted 4/24/2017. Authors Ho and
Loke are with Centre for Functional Foods & Human Nutrition, School of Chem-
ical & Life Sciences, Nanyang Polytechnic, 180 Ang Mo Kio Ave 8, Singapore
569830, Singapore. Authors Ho and Loke are also with Food Science & Nutri-
tion Group, School of Chemical & Life Sciences, Nanyang Polytechnic, 180 Ang
Mo Kio Ave 8, Singapore, 569830, Singapore. Direct inquiries to authors Loke
(E-mail: loke_wai_mun@nyp.edu.sg).

L-arginine in the presence of NADPH and oxygen (Rassaf and
others 2002). The NO production in vivo has been shown to be in-
creased after L-arginine oral supplementation (Clarkson and others
1996; Thorne and others 1998). The changes in the eNOS com-
petitive inhibitor, asymmetric dimethyl arginine (ADMA), levels
would also affect the in vivo NO production (Nagase and others
1997; Maxwell and Cooke 1998). Short-lived NO is oxidized to
nitrite and nitrate in the vaculature (Gladwin and others 2006).
The circulating nitrite and nitrate serve as a reservoir for NO in
vivo as these molecules can be reduced back to NO in the vascula-
ture if so required to maintain vascular tone (Gladwin and others
2006). Measuring the circulating nitrite and nitrate concentrations
may be useful to indicate eNOS activity (Kleinbongard and others
2003).

A diet rich in fruits and vegetables is associated with a lower risk
of cardiovascular disease, but the mechanisms behind this pro-
tection are not completely understood (Hu and Willett 2002).
These beneficial effects may be related to the presence of spe-
cific phytochemicals in the fruits and vegetables, such as plant
sterols (PS). The circulating concentrations of PS are dependent
on the diet and absorption efficiency, as these molecules are not
endogenously synthesized by humans (Ling and Jones 1995). The
intake of PS from diet ranges from 150 to 400 mg/d, with 65% as
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β-sitosterol, 30% as campesterol, and 5% as stigmasterol (Ling and
Jones 1995; Ostlund and others 2002). Regular consumption of
foods containing PS has been shown to lower blood triglycerides
and low-density lipoprotein–cholesterol concentrations (Lau and
others 2005; Chan and others 2007). Meta-analyses showed re-
ductions of blood cholesterol levels by about 9% with 2 g/d PS
consumption (AbuMweis and others 2008; Demonty and others
2008). The effects of PS supplementation on endothelial func-
tion is less understood (De Jongh and others 2003; Hallikainen
and others 2006; De Jong and others 2007). Even though NO
bioavailability has been established to be essential to maintain vas-
cular tone, little is known about the effects of PS on the endothelial
production of NO in healthy adults.

Our study examined and compared the actions of PS, in the
presence of a food matrix, on the in vivo NO production of healthy
adults 3 h after consumption, and after 4-wk daily exposure. We
hypothesized that PS supplementation increases nitrite and nitrate
production in vivo. A separate set of in vitro experiments examined
the effects of specific PS, β-sitosterol, campesterol, and stigmasterol
on the nitrite and nitrate production from freshly isolated human
neutrophils.

Materials and Methods

Chemicals and materials
Potassium hydroxide, sodium acetate, sodium hydroxide, hy-

drochloric acid, formic acid, glucuronidase, phorbol 12-myristat
13-acetate (PMA), phosphate-buffered saline (PBS), diethylene-
triamine penta-acetic acid, fetal bovine serum (FBS), penicillin,
streptomycin, bFGF, heparin, 5α-cholestane, β-sitosterol,
stigmasterol, isooctane, [15N]-sodium nitrite, [15N]-sodium
nitrate, 2,3,4,5,6-pentafluorobenzylbromide (PFBBr), N,O-
bis(trimethylsilyl)trifluoroacetamide in 1% TMS (BSTFA in
1% TMS) and pyridine were purchased from Sigma–Aldrich
(Mo., U.S.A.); glucose and Hank’s buffered salt saline (HBSS)
were purchased from Merck (VIC, Australia); acetonitrile, ethyl
acetate, hexane, methanol, ethanol, acetone, and from Tedia
(Ohio, U.S.A.); ficoll-paque was from GE Healthcare (Uppsala,
Sweden); and RPMI1640 were from Gibco Invitrogen (Carlsbad,
Calif., U.S.A.); and dextran 500 was from Amersham Biosciences
(Uppsala, Sweden); campesterol from Santa Cruz Biotechnology
(Texas, U.S.A.). Soy milk powder custom-blended with the BASF
Vegapure R© 67WDP [palmityl esters of β-sitosterol, max 55%
(w/w); campesterol, max 29% (w/w) and stigmasterol, max 23%
w/w] and the corresponding placebo soy milk powder were man-
ufactured by Medispec (M) Sdn Bhd (Malaysia). The nutritional
compositions of the placebo and PS-enriched soy milk powders
were analyzed by a commercial food laboratory (TUV SUD PSB,
Singapore) using accredited AOAC-modified methods, and were
found to be comparable with the exception of PS contents.

Study design
Eighteen healthy adults of Asian ethnicities, age above 21 y,

were included in this study. Exclusion criteria for recruitment
include body mass index >30, alcohol consumption >20 g/d
(more than 2 standard drinks per day) and medical conditions,
such as diabetes mellitus, hypertension, hypercholesterolemia, and
other cardiovascular-related diseases. Pregnant women and women
planning to conceive were not allowed to participate. The study
participants were recruited via advertisements on the local newspa-
per. Clinical information [including age, gender, body mass index
(BMI), medical history, weight, and height] were collected using

structured questionnaires. For a 1-wk period prior to commence-
ment of the study, participants were told to refrain from changes
from their usual dietary habits. The participants were randomized
to receive the 2 treatments in different orders. The treatments
corresponded to:

(1) 2.0 g free PS equivalent of their palmityl esters (BASF
Vegapure R© 67WDP β-sitosterol, max 55% [w/w]; campes-
terol, max 29% [w/w] and stigmasterol, max 23% [w/w]) in
soy milk powder (20 g), dissolved in 300 mL of warm water.

(2) Soy milk powder (20 g) placebo (control), dissolved in 300 mL
of warm water.

On each test day, participants attended the clinic after 12
h overnight fast. A baseline set of whole blood (20 mL) and
spot urine (10 mL) were collected. The assigned 1st treatment
was consumed over 15 min. A 2nd set of blood and urine was
taken 3 h after treatment. The 3-h time point was chosen to
examine the acute effects of the plant sterols supplementation.
The same participants received on a daily basis of the first assigned
treatment for a period of 28 d. At the end of the 4-wk daily
exposure period, spot whole blood, and urine were collected.
The participants were subjected to 1-wk wash-out period before
the 2nd treatment. The 1-wk wash-out period was sufficient for
the measured parameters to return to the baseline values. Alto-
gether, each participant reported to the clinic 4 times for the entire
study. These biological samples were processed to obtain urine,
blood plasma, and serum for storage at −80 °C. The participants
were instructed to maintain their weight and activity level during
the study, and they were counseled to refrain from changing their
usual dietary habits during the study. The participants were told
to return the remaining intervention material at the ends of the
2 crossover arms. The study protocol was reviewed and approved
by the Institutional Review Board, Nanyang Polytechnic,
Singapore, and each subject provided written informed consent
prior to their study involvement.

Circulating concentrations of nitrite, nitrate, L-arginine,
and asymmetric dimethylarginine

The vascular NO bioavailability was examined by assessing the
circulating concentrations of nitrite and nitrate. The nitrite and ni-
trate concentrations in the blood plasma and urine were measured
using stable isotope-labeled gas chromatography - mass spectrom-
etry (GC-MS) as previously described (Tsikas 2000). Briefly, the
sample fluid was spiked with internal standards, (15N) sodium ni-
trite (6 ng), and (15N) sodium nitrate (40 ng). The spiked sample
was derivatized with acetone and PFPBr at 50 °C for 30 min.
After the removal of acetone, the remaining aqueous phase was
extracted with toluene and the organic extract (0.5 L) was an-
alyzed by using an Agilent 6890 gas chromatograph coupled to
a 5973 mass spectrometer fitted with a cross-linked methyl sili-
cone column (25 m x 0.20 mm, 0.33 mm film thickness, HP5-
MS) by using negative-ion chemical ionization. Samples (1.0 μL)
were injected in the splitless mode, and the oven temperature was
held at 70 °C for 1 min, then increased to 160 °C at a rate of
20 °C/min and finally to 280 °C at a rate of 30 °C/min. Helium
(92.5 kPa and flow rate 0.7 mL/min) was used as the carrier and
methane as the reagent gas for negative-ion chemical-ionization.
Peak identification was based on retention time and mass spec-
tra compared with 15N-labeled authentic standards (sodium [15N]
nitrite and sodium [15N] nitrate). Quantification was performed
by using calibration curves obtained from authentic standards and
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labeled standards. Plasma concentrations of nitrite and nitrate were
expressed unadjusted, while their urinary concentrations were ad-
justed for urinary creatinine levels.

The concentrations of L-arginine and ADMA in the blood
plasma were quantified using a commercial ELISA Kit (DLD
Diagnostika GmbH, Hamburg, GERMANY).

Circulating concentrations of total and specific plant
sterols

The concentrations of β-sitosterol, campesterol, and stigmas-
terol in blood plasma were determined using GC-MS as pre-
viously described (Ahmida and others 2006). Briefly, internal
standard (5α-cholestane, 2 nmol) was added into blood plasma
(200 μL). The mixture was hydrolyzed with ethanolic potassium
hydroxide (1 mol/L, 1 mL) at 70 °C for 60 min in the dark.
The lipids were extracted twice with hexane and ethanol, con-
taining 12.5 mg/ L BHT (20:1 v/v, 1 mL). The dried lipid extract
was derivatized with pyridine-BSTFA with 1% TMCS (1:1 [v/v],
200 μL) at 70 °C for 60 min. The derivatized extract was dried
under nitrogen and reconstituted in isooctane (20 μL) before in-
jecting into the GC-MS. The MS was operated in the electron
ionization mode. The 5α-cholestane, β-sitosterol, campesterol,
and stigmasterol were monitored at m/z 357, 486, 472, and 484,
respectively. The concentrations of specific PS were calculated
based on the corresponding calibration curves obtained using the
respective standards.

In vitro experiments
A separate set of in vitro experiments was carried out to ex-

amine the specific augmentation of NO production by specific
PS. The eNOS-inducing effect of specific PS was measured by
the production of nitrite and nitrate from human blood neu-
trophils. Briefly, human blood neutrophils were isolated from the
neutrophil/erythrocyte pellet after Ficoll Paque gradient centrifu-
gation and dextran sedimentation of red blood cells as previously
described (Loke and others 2012). Cell viability was assessed using
trypan blue exclusion and was typically >98%. The freshly iso-
lated neutrophils were resuspended in HBSS at a concentration of
5 × 106 cells/mL. To examine the effects of β-sitosterol, campes-
terol, and stigmasterol on eNOS activity, freshly isolated human
blood neutrophils (5 × 106 cells/mL in HBSS, 1 mL) was incu-
bated with either β-sitosterol, campesterol, or stigmasterol (final
concentrations, 0, 2, 5, 10, 20, and 50 μmol/L) and arginine (final
concentration, 10 μmol/L) at 37 °C for 5 min prior to stimula-
tion. The PS were added using ethanol as vehicle. The cells were
stimulated with PMA (final concentration, 200 nmol/L) at 37 °C
for 5 min. Cells with arginine in ethanol vehicle were used as
positive controls while untreated cells served as negative controls.
The cell supernatant was collected at the end of the incubation and
stored at −80 °C before nitrite and nitrate analysis. The releases
of nitrite and nitrate from stimulated neutrophils were measured
by stable isotope labeled GC-MS as previously described (Tsikas
2000).

Statistical analysis
Statistical analyses were performed using SPSS version 22.0

(SPSS Inc., Chicago, Ill., U.S.A.) and SAS version 9.4 (SAS In-
stitute Inc., Cary, N.C., U.S.A.). For the human study data, the
baseline-adjusted between-group differences were analyzed with
random effects models with PROC MIXED (SAS) with Tukey’s
adjustment for multiple comparisons. In these models, subjects
were treated as the random effect, and treatment, period, and

Table 1–Baseline characteristics of the study participants
(n = 18).

Age (years)a 35.3 (22.0, 55.0)
Gender, female 66.7%
Weight (kg)b 62.7 ± 13.0
Height (m)b 1.65 ± 0.07
Body mass index (kg/ m2)b 22.8 ± 3.7
Systolic blood pressure (mmHg)b 113.9 ± 11.8
Diastolic blood pressure (mmHg)b 68.6 ± 6.4

aAge is presented as mean (minimum, maximum).
bWeight, height, body mass index, systolic, and diastolic blood pressures were presented
as mean ± SD.

treatment order were treated as the fixed effects. Correlation was
analyzed using Spearman correlation analysis. Between-group dif-
ference for in vitro data was analyzed using ANOVA with Bonfer-
roni post hoc comparison. The results analyzed were considered to
be significantly different if the P value was < 0.05.

Results and Discussion
Eighteen participants (12 female, 35.3 [mean] years) com-

pleted the randomized, placebo-controlled, cross-over, double-
blind study (Table 1). The baseline characteristics of the partici-
pants were presented in Table 1. All participants were within the
normal range of body mass index (18.5 to 25.0 kg/m2; Table 1).
The weights, heights and body mass indices of the participants did
not change during the entire course of the intervention study. All
the participants were normotensive (Table 1). Their systolic and
diastolic blood pressures remained unchanged throughout the 4
visits to the study center. The participants did not modify their
fruits and vegetable intakes during the study.

Circulating blood plasma nitrite and nitrate concentrations were
significantly elevated after 4-wk exposure to the plant sterols com-
pared to the placebo concentration (Figure 1A and B). Plant sterols
did not change blood plasma nitrite and nitrate concentrations
3 h after supplementation (Figure 1A and B). The urinary
nitrite concentrations were unaffected by PS supplementation
(Figure 2A). The nitrate concentrations in the urine were sig-
nificantly increased after 4-wk PS treatment when compared with
the placebo levels (Figure 2B). The baseline concentrations of ni-
trite and nitrate were comparable to previous studies (Zamani and
others 2015; Zamani and others 2016). Our results showed that PS
supplementation (2.0 g daily over 4 wk) augmented blood plasma
nitrite and nitrate production in healthy adults, and added to the
limited information about the effect of dietary PS on NO status in
vivo. PS (2.0 g daily over 4 wk) did not restore endothelial func-
tion as measured by flow-mediated brachial artery dilation, despite
lowering the LDL cholesterol, in prepubertal children with familial
hypercholesterolemia (De Jongh and others 2003). Ten-week daily
intervention with up to 1.98 g plant sterols did not change the
flow-mediated brachial artery diameter in hypercholesterolemic
subjects (Hallikainen and others 2006). Concentrations of circulat-
ing E-selectin, soluble intracellular adhesion molecule and vascular
adhesion molecule-1 were not changed after 16 wk intervention
of 2.5 g PS in hypercholesterolemic subjects (De Jong and others
2007). Sitosterol and campesterol increased prostacyclin release in
vascular smooth muscle cells in vitro, which may translate to in
vivo vasodilation (Awad and others 2001). These previous study
did not examine the effects of PS supplementation on nitrite and
nitrate status in vivo, and the influence of their concentrations on
the measured endothelial function. Plasma nitrite and nitrate have
been shown to be mainly derived from the NO–arginine pathway
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Figure 1–(A) Nitrite and (B) nitrate concentrations in blood plasma of 18
healthy adults before (baseline), 3 h after intervention (3 h) and after 4-wk
daily exposure (4 wk) of the placebo and plant sterols esters (2 g free plant
sterols equivalent)-enriched soy milk. ∗,P < 0.05 compared with placebo
soy milk after baseline adjustment (mixed model analysis with Tukey’s
test).

(Rhodes and others 1995). The elevated blood plasma nitrite and
nitrate concentrations in rats after nitrate-rich beet root juice con-
sumption was translated to augment muscle blood flow during
exercise (Ferguson and others 2013). The supplemented nitrate
was reduced to nitrite and NO, which preferentially increased
vascular conductance and oxygen delivery to the contracting skele-
tal muscles in rats (Ferguson and others 2014). Inorganic nitrate
(6 mmol twice daily) consumption significantly restored endothe-
lial function in patients suffering from heart failure with Preserved
Ejection Fraction and thereby improving their exercise capacity
and quality of life (Zamani and others 2015, 2016). The ob-
served blood plasma NO2 and NO3 concentrations in this study
were low compared the reported result in physiological changes
in human. However, there are differences in the measurement of

Figure 2–(A) Nitrite and (B) nitrate concentrations in the urine of 18
healthy adults before (baseline), 3 h after intervention (3 h) and after 4-wk
daily exposure (4 wk) of the placebo and plant sterols esters (2 g free plant
sterols equivalent)-enriched soy milk. ∗,P < 0.05 compared placebo soy
milk after baseline adjustment (mixed model analysis with Tukey’s test).

nitrite/ nitrate where the report (Zamani and others 2015, 2016)
measured NO, nitrite and nitrate, and also NO-metal complexes
and protein–NO adducts. Plasma nitrite concentrations were also
found to associate with flow-mediated dilation and thereby re-
flect the degree of endothelial dysfunction in a study involving 12
patients with endothelial dysfunction and 12 healthy individuals
(Kleinbongard and others 2006). Recently, total serum nitrite and
nitrate concentrations have been shown to be a valuable biomarker
for incident cardiovascular disease (CVD), and has added value
beyond traditional CVD risk factors (Hadaegh and others 2016).
The elevated nitrite and nitrate levels observed in this study may be
contributed by the augmented eNOS activity and the observation
may be due to enhanced endothelial function. PS supplementation
may improve endothelial function via the augmentation of NO
production in vivo.

Vol. 82, Nr. 7, 2017 � Journal of Food Science 1753
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Figure 3–(A) Arginine and (B) asymmetric dimethylarginine concentra-
tions in blood plasma of 18 healthy adults before (baseline), 3 h after
intervention (3 h) and after 4-wk daily exposure (4 wk) of the placebo and
plant sterols esters (2 g free plant sterols equivalent)-enriched soy milk.
∗,P < 0.05 compared placebo soy milk after baseline adjustment (mixed
model analysis with Tukey’s test).

The blood plasma arginine and ADMA were not affected by
PS supplementation (Figure 3A and B). NO is produced from the
N-guanido terminal of the L-arginine and molecular oxygenate,
via the enzymatic action of eNOS in the vasculature (Maxwell and
Cooke 1998). Freshly isolated human endothelial cells contained
approximately 1 to 2 mmol/L L-arginine (Li and Förstermann
2000). Because the Km value of purified eNOS for L-arginine is
only 2.9 μmol/L (Harrison 1997), eNOS may be saturated with
L-arginine and thereby may not respond to changes in L-arginine
concentrations. Paradoxically, NO production was increased dose-
dependently when L-arginine concentrations were increased in
endothelial cell culture from 0.1 to 10 mmol/L (Harrison 1997).
In vivo results agreed with the in vitro observation as significant
associations of plasma levels of L-arginine with enhanced vascu-
lar and systemic NO production were reported. The intracellular

concentration of L-arginine has been tightly regulated by various
mechanisms, including the colonization of arginine transporter,
eNOS in the membrane-associated caveolae, its intracellular com-
partmentalization, arginine activity, and expression, the alteration
of eNOS dimerization and competitive inhibition of eNOS by
asymmetric dimethylarginine (ADMA; Nagase and others 1997;
Maxwell and Cooke 1998). ADMA, a naturally-occurring mod-
ified amino acid in human blood, inhibits all 3 NOS isoforms
(Kielstein and others 2007), and thereby reduces the production
of NO in vivo (Leone and others 1992). The levels of ADMA had
been associated with flow-mediated dilatation (Ardigo and others
2007; Päivä and others 2010). A recent meta-analysis of avail-
able prospective studies suggested associations between circulating
ADMA concentrations and cardiovascular disease outcomes un-
der a broad range of circumstances (Willeit and others 2015). The
increase in nitrite and nitrate circulating concentrations were not
accompanied by changes in the L-arginine and ADMA levels, sug-
gesting that the PS modulates NO production and hypothetically
endothelial function, independently of L-arginine and ADMA.

Our results on the bioavailability of PS had been previously
presented and discussed (Ho and others 2016). Serum concen-
trations of total PS increased after 3 h and 4-wk daily exposure
to 2.0 g PS daily when compared to the placebo concentrations
(Ho and others 2016). The specific PS (β-sitosterol, campesterol,
and stigmasterol) concentrations in blood plasma and urine were
significantly elevated after 4-wk PS treatments when compared
to placebo concentrations (Ho and others 2016). After 4-wk PS
supplementation, the nitrite and nitrate concentrations in blood
plasma correlated significantly to the plasma total PS (nitrite R =
0.64, P < 0.05; nitrate R = 0.42, P < 0.05) and specific PS (nitrite:
β-sitosterol, r = 0.80, P < 0.05; nitrate: β-sitosterol, r = 0.77, P
< 0.05; nitrite: campesterol, r = 0.63, P < 0.05; nitrate: campes-
terol, r = 0.62, P < 0.05; nitrite: stigmasterol, r = 0.50, P < 0.05;
nitrate: stigmasterol, r = 0.71, P < 0.05) concentrations. These
correlations were absent with the 3-h PS treatment and all stages of
the placebo treatment. Urinary nitrite and nitrate concentrations
did not correlate to the plasma total and specific PS concentra-
tions. Arginine and ADMA concentrations in the blood plasma
were not associated with the total and specific PS concentrations.
The significant correlations between the nitrite, nitrate, and spe-
cific PS concentrations in the blood circulation observed in our
study further support the suggested augmentation of NO produc-
tion by the PS. The absence of the 3-h effects in our study may be
explained by choice of the NO markers. As nitrite and nitrate are
formed by the downstream oxidation of NO, their measurements
may not truly reflect the NO status at the specific time point.

The effects of specific PS and PS mixture on the total nitrite
and nitrate production from the activated human blood neutrophils
were expressed as the percentage increase in the total nitrite and
nitrate production relative to the positive controls. All 3 specific
PS increased nitrite and nitrate production from the neutrophils
(P < 0.05 compared with positive control using ANOVA of AUC,
n = 5; Figure 4A and B). Campesterol augmented nitrite and ni-
trate formation to a significant extent than β-sitosterol, stigmas-
terol, and plant sterol mixture (P < 0.05 using ANOVA of AUC, n
= 5; Figure 4A and B). The PS mixture significantly increased ni-
trite and nitrate production compared to β-sitosterol and stigmas-
terol (P < 0.05 using ANOVA of AUC, n = 5; Figure 4A and B).
A significant difference was absent between β-sitosterol and stig-
masterol (P < 0.05 using ANOVA of AUC, n = 5; Figure 5A and
B). Specific PS, such as β-sitosterol, campesterol, and stigmasterol
exerted differential effects on the nitrite and nitrate production

1754 Journal of Food Science � Vol. 82, Nr. 7, 2017



He
alt

h,
Nu

trit
ion

,&
Fo

od

Plant sterol and nitric oxide production . . .

Figure 4–Changes (%) in (A) nitrite and (B) nitrate formation by phorbol
12-myristat 13-acetate-stimulated human blood neutrophils treated with
β-sitosterol (•), campesterol (�), stigmasterol (�) and plant sterols mix-
ture (50% β-sitosterol, 30% campesterol, 20% stigmasterol w/w, �; 0 to
50 μmol/L) compared to the untreated phorbol 12-myristat 13-acetate-
stimulated human blood neutrophils. ∗,P < 0.05 compared with others
using ANOVA of AUC with Bonferroni post hoc adjustment.

in vitro. The more vasoactive campesterol was naturally present
at significantly lower proportion than the less active β-sitosterol,
as our daily diet is typically made up of 65% β-sitosterol, 30%
campesterol, and 5% stigmasterol (Ling and Jones 1995). Our in
vitro results support the incorporation or enrichment of PS mix-
ture or specific PS, like campesterol, into suitable food products
to further enhance their vasoprotective benefits. Our in vivo find-
ings were supported by our in vitro results where the productions
of nitrite and nitrate were increased in the PS-treated cells. The
in vitro results were made more physiological relevant when the
specific PS were loaded at physiological achievable concentrations
into the cells.

Our study is limited to the measurement of vascular NO path-
way. It did not measure flow-mediated dilation and other markers
of endothelial function in responses to the PS supplementation.
More studies are required to examine the effects of dietary PS on
specific markers of endothelial function.

Conclusion
PS supplementation in the presence of a food matrix may up-

regulate the vascular NO production.
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