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ABSTRACT
Background: Phytosterol supplementation of 2 g/d is recommen-
ded by the National Cholesterol Education Program to reduce LDL
cholesterol. However, the effects of different intakes of phytosterol
on cholesterol metabolism are uncertain.
Objective: We evaluated the effects of 3 phytosterol intakes on
whole-body cholesterol metabolism.
Design: In this placebo-controlled, crossover feeding trial, 18 adults
received a phytosterol-deficient diet (50 mg phytosterols/2000 kcal)
plus beverages supplemented with 0, 400, or 2000 mg phytosterols/d
for 4 wk each, in random order. All meals were prepared in a metabolic
kitchen; breakfast and dinner on weekdays were eaten on site. Primary
outcomes were fecal cholesterol excretion and intestinal cholesterol
absorption measured with stable-isotope tracers and serum lipopro-
tein concentrations.
Results: Phytosterol intakes (diet plus supplements) averaged 59,
459, and 2059 mg/d during the 3 diet periods. Relative to the 59-mg
diet, the 459- and 2059-mg phytosterol intakes significantly (P ,

0.01) increased total fecal cholesterol excretion (36 6 6% and 74 6

10%, respectively) and biliary cholesterol excretion (38 6 7% and
77 6 12%, respectively) and reduced percentage intestinal choles-
terol absorption (210 6 1% and 225 6 3%, respectively). Serum LDL
cholesterol declined significantly only with the highest phytosterol
dose (28.9 6 2.3%); a trend was observed with the 459-mg/d dose
(25.0 6 2.1%; P ¼ 0.077).
Conclusions: Dietary phytosterols in moderate and high doses
favorably alter whole-body cholesterol metabolism in a dose-
dependent manner. A moderate phytosterol intake (459 mg/d) can
be obtained in a healthy diet without supplementation. This trial
was registered at clinicaltrials.gov as NCT00860054. Am J Clin
Nutr 2010;91:32–8.

INTRODUCTION

Phytosterols are naturally occurring plant sterols that are
structurally similar to cholesterol but that reduce intestinal cho-
lesterol absorption (1) and serum LDL-cholesterol concentrations
(2, 3). The lipid-lowering benefit of phytosterols was first reported
in the 1950s (4, 5) and is the basis for the National Cholesterol
Education Program (NCEP) Adult Treatment Panel III (6) rec-
ommendation for adults to consume 2 g phytosterols daily to re-
duce LDL cholesterol and cardiovascular disease risk. Dietary
phytosterol intake without supplementation ranges between ’78
and 500 mg/d (3, 7, 8). Because it is not feasible to obtain 2 g

phytosterols in a natural diet, food manufacturers enrich common
products (eg, margarine, orange juice, yogurt drinks, and granola
bars) with phytosterols to enable Americans to achieve the rec-
ommended intake goal.

Despite abundant evidence of the therapeutic benefit of phy-
tosterols, most previous studies have neither eliminated nor
quantified phytosterols in the background diet, leaving many
questions unanswered regarding the effective dose of phytosterols
toderivehealthbenefitsandthemechanismsbywhichsuchbenefits
occur. The aim of this study was to evaluate the physiologic effects
of 3 levels of phytosterol intake, including a moderate dose that can
be obtained naturally in the diet, on whole-body cholesterol me-
tabolism. We used a novel phytosterol-deficient background diet to
assess 3 analytically quantified levels of phytosterol intake on
cholesterol metabolism in a randomized, crossover, blinded,
controlled feeding study.

SUBJECTS AND METHODS

Participants

Volunteers aged 18–80 y were recruited from the greater Baton
Rouge, LA, area. Eligible subjects had fasting LDL cholesterol
between 100 and 189 mg/dL (based on replicate measures on
different days), resting blood pressure ,160/95 mm Hg, and body
mass indexes between 20 and 35 kg/m2, and were not taking
prescription medications except oral contraceptives. Women who
were pregnant, nursing, or perimenopausal were excluded. The
study was approved by the Institutional Review Board at Pen-
nington Biomedical Research Center (PBRC); all subjects pro-
vided written informed consent.
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Study design

Participants were enrolled in 4 cohorts between March and May
2006 and randomly assigned to 1 of 6 possible diet sequences.
Each sequence contained a phytosterol-deficient background diet
plus 3 phytosterol supplement doses (0, 400, and 2000 mg/d) in
random order, and subjects were blinded to the dose. Each phy-
tosterol dose was administered for 4 wk, with 1 wk between doses.

Phytosterol-deficient background diet

The phytosterol-deficient background diet (8) was experimen-
tally designed to contain�60 mg phytosterols/2000 kcal. The diet
was designed initially at Washington University School of Medi-
cine, and a 5-d menu cycle was developed subsequently at the
PBRC by using the database ProNutra 3.0 (Viocare, Princeton, NJ).
The database was customized by adding the phytosterol content of
several foods based on published values (9–12) and analyses per-
formed in the Washington University Mass Spectrometry Resource.
To minimize the phytosterol content of the diet, we excluded or
minimized foods that were naturally high in phytosterols (eg,
vegetable oils, whole grains, seeds, and nuts), incorporated foods
that were naturally low in phytosterols (eg, dairy, poultry, meat, fish,
and eggs), and developed recipes in which traditional ingredients
were replaced with lower-phytosterol ingredients (eg, biscuits made
with white rice flour, potato starch, and tapioca flour). In addition,
the recipes contained soybean oil that we purified using activated
carbon to remove most of the naturally occurring phytosterols (13).
The 5-d meal plan is shown in Table 1. A composite of each day’s
meals was analyzed for phytosterol content at Washington Uni-
versity. As shown in Table 2, this diet was very low in phytosterols
but conformed to the macronutrient recommendations of the Di-
etary Guidelines for Americans (14).

Phytosterol supplements

Phytosterols were added to the phytosterol-deficient diet as
a supplement in 2 daily beverages consumed with breakfast and
dinner. Each beverage was 118.3 mL (4 oz) and contained 18 g
powder drink mix (Carnation Instant Breakfast; Nestlé, Vevey,
Switzerland), 120 g skim milk, and 5.25 g fiber powder (Benefiber,
Novartis, Parsippany, NJ) to provide 4.5 g soluble fiber and 5 g
purified soybean oil containing either no addition or phytosterol
esters (ADM, Decatur, IL) in quantities of 328 or 1639 mg (to
provide 200 or 1000 mg free phytosterols, respectively). The daily
phytosterol supplement doses of 400 and 2000 mg were based on
the quantity present in some healthy diets (8) and the NCEP rec-
ommendation (6), respectively.

Meal provision

All food and beverages were prepared in the metabolic kitchen.
The 5-d menu cyclewas repeated during each 4-wk feeding period.
Participants ate breakfast and dinner in the PBRC feeding center
on weekdays and carried out the remainder of meals and snacks.
A multivitamin/mineral supplement (Equate Complete; Perrigo
Company, Allegan, MI) was given daily at breakfast. The energy
level of the diet was individualized based on each participant’s
estimated resting metabolic rate (15, 16) and an activity factor of
1.4–1.5; adjustments were made if necessary to ensure weight
stability throughout the 12-wk feeding period.

Cholesterol metabolism

Fecal cholesterol excretionand intestinal cholesterol absorption
were determined by administering gelatin capsules twice daily
for the last 5 d of each 28-d feeding period and collecting stool
samples on days 27 and 28. Each capsule contained 450 lg
25,26,26,26,27,27,27-[

2

H7]cholesterol (CDN Isotopes, Quebec,
Canada) and 90 lg 5,6,22,23-[

2

H4]sitostanol (Medical Isotopes,
Pelham, NH) suspended in 125 lL purified soybean oil. The 5-d
isotope period was deemed optimal for achieving equilibration in
the fecal ratio of labeled cholesterol to labeled sitosterol, before
significant recycling of the oral tracers occurs (17). The stool
samples were saponified, extracted, and analyzed for cholesterol
and sitostanol contents (18) using negative ion chemical ioniza-
tion gas chromatography/mass spectrometry in the Washington
University Mass Spectrometry Resource. The results for days
27 and 28 were averaged, and the average was used in all sub-
sequent analyses. Fecal excretion of cholesterol and metabolites
was corrected for fecal recovery of the nonabsorbable marker
[

2

H4]sitostanol. Percentage cholesterol absorption was calcula-
ted as 100 3 [1-([

2

H7]cholesterolfeces/[
2

H4]sitostanolfeces)/([
2

H7]
cholesterolcapsule/[

2

H4]sitostanolcapsule)]. Dietary cholesterol ex-
cretion was calculated as [cholesteroldiet – (cholesteroldiet 3

percentage cholesterol absorbed)]. Because fecal cholesterol is
composed predominantly of biliary cholesterol and dietary cho-
lesterol, we calculated biliary cholesterol excretion as total cho-
lesterol excreted – dietary cholesterol excreted. Concentrations of
cholestanol and lathosterol were measured in plasma and ex-
pressed relative to the total cholesterol concentration to serve as
markers for cholesterol absorption and biosynthesis, respectively
(19).

Lipid, glucose, and insulin concentrations

Blood samples were drawn in the morning after a 10-h fast on
days 24 and 28 of each feeding period. Total cholesterol and
glycerol-blanked triglycerides were measured by using auto-
mated enzymatic kits. HDL cholesterol was measured after
precipitation of apolipoprotein B–containing lipoproteins by
dextran sulfate and magnesium (20). LDL cholesterol was cal-
culated by using the Friedewald equation (21). Non-HDL cho-
lesterol was calculated as the difference between total and HDL
cholesterol. Fasting glucose was determined by the glucose
oxidase method, and insulin was measured by using an Immulite
analyzer in the Washington University Core Laboratory for
Clinical Studies. Results for days 24 and 28 were averaged.

Adherence

Adherence to the phytosterol-deficient diet and consumption of
the phytosterol-supplemented beverages were assessed in 3 ways:
plasma phytosterol concentrations were measured, all food and
beverages thatwere notconsumedwereweighed, andself-reported
intake was computed from daily food logs.

Statistical analysis

AssuminganSDof10%for lipidmeasurements,a samplesizeof
16 subjects gives 80% power to detect a 10% difference between
treatmentswithasignificancelevelof0.05.Toallowforattritionwe
enrolled 20 participants. Statistical analyses were performed by
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usingSASstatistical software (version9.2;SASInstitute Inc,Cary,
NC). The PROC MIXED procedure was used to analyze the fixed
effects of phytosterol intake on cholesterol excretion, absorption,
biosynthesis, and serum lipid concentrations, with Tukey adjust-
ments for multiple comparisons. The PROC MIXED procedure
was used to analyze carryover effects from one diet period to the
next. A carryover effect was not significant for any outcome
measure except plasma phytosterol concentration, which was
expected based on its prolonged turnover time (22). Significance
was accepted at an a level ,0.05. Values in the text and tables are
expressed as means 6 SEMs.

RESULTS

Participants

Twenty participants (14 females, 6 males; 15 whites, 5 African
Americans) were randomly assigned; 1 female failed to return to

the center after 1 wk of the diet, and 1 male discontinued after 4 wk
because of a schedule conflict. Eighteen subjects aged 63 6 3 y
(range: 46–80 y) with a body mass index (in kg/m2) of 27.3 6 0.8
(range: 22.1–33.1), a systolic blood pressure of 122 6 4 mm Hg,
a diastolic blood pressure of 76 6 1 mm Hg, a resting pulse rate of
65 6 3 beats per minute, a fasting glucose concentration of 95 6 2
mg/dL, and an insulin concentration of 8.3 6 1.0 lU/mL com-
pleted all 3 diet periods. Body weight was stable throughout the
12-wk feeding period, and no changes were observed in blood
pressure, pulse, or glucose or insulin concentrations.

Adherence and phytosterol intake

Adherence to the phytosterol-deficient diet and phytosterol-
supplemented beverages was excellent, as indicated by a dose-
dependent increase in plasma phytosterol concentration (Table
3), observation at the feeding center, and self-report of food and
beverages consumed away from the center. Of the 2488 meals

TABLE 2

Nutrient content of the phytosterol-deficient background diet

Nutrient

Mean value at the

2000-kcal/d level

Range for the 5-d menu at the

2000-kcal/d level

Carbohydrate [g (% of energy)] 281 (55) 280–283 (55–56)

Protein [g (% of energy)] 75 (15) 75–76 (15)

Fat [g (% of energy)] 66 (30) 66–67 (29–30)

Saturated 20 (8.8) 19–20 (8.3–9.0)

Monounsaturated 21 (9.3) 20–21 (9.0–9.5)

Polyunsaturated 21 (9.2) 20–22 (9.0–9.6)

Cholesterol (mg) 169 146–205

Phytosterols (mg) 50 45–60

Fiber (g) 171 16–181

1 Includes 9 g soluble fiber provided daily as a supplement mixed into the phytosterol beverages.

TABLE 3

Cholesterol metabolism and lipid concentrations in response to 3 levels of phytosterol intake1

Phytosterol intake

59 mg/d (control) 459 mg/d (moderate) 2059 mg/d (high)

Cholesterol absorption

Percentage cholesterol absorbed (%) 69.9 6 2.1 62.8 6 2.12 52.7 6 2.12,3

Dietary cholesterol absorbed (mg/d) 139 6 8 121 6 84 105 6 82,5

Biliary cholesterol absorbed (mg/d) 1418 6 167 1390 6 167 1244 6 167

Plasma sterol ratios

Phytosterols/total cholesterol (lg/mg) 7.4 6 1.3 14.1 6 1.32 25.8 6 1.32,3

Cholestanol/total cholesterol (lg/mg)6 1.09 6 0.08 0.95 6 0.082 0.85 6 0.082,5

Lathosterol/total cholesterol (lg/mg)7 1.22 6 0.13 1.51 6 0.142 1.71 6 0.142,3

Serum lipid concentrations

Total cholesterol (mg/dL) 211 6 6 204 6 6 198 6 62

LDL cholesterol (mg/dL) 139 6 4 132 6 4 126 6 42

HDL cholesterol (mg/dL) 50 6 3 50 6 3 51 6 3

Triglycerides (mg/dL) 112 6 9 112 6 9 104 6 9

Non-HDL cholesterol (mg/dL) 161 6 5 154 6 5 146 6 52

LDL cholesterol/HDL cholesterol 2.92 6 0.16 2.75 6 0.164 2.58 6 0.162,5

1 All values are means 6 SEMs; n ¼ 18 subjects.
2,4 Significantly different from control [PROC MIXED (SAS Institute, Cary, NC) with Tukey adjustment]: 2P , 0.01,

4P , 0.05.
3,5 Significantly different from moderate (459 mg/d) phytosterol intake (PROC MIXED with Tukey adjustment): 3P ,

0.01, 5P , 0.05.
6 Cholestanol/total cholesterol ratio is an indicator of cholesterol absorption.
7 Lathosterol/total cholesterol ratio is an indicator of cholesterol biosynthesis.
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that were scheduled to be eaten on site, 6 meals (0.24%) were
missed because of excused absences. The prescribed energy
level of the diets averaged 2362 6 136 kcal/d, and the estimated
intake was 2368 6 137 kcal/d. Total phytosterol intake (diet plus
beverage supplements) averaged 59, 459, and 2059 mg/d during
the 3 diet periods. Cholesterol intake did not differ across diet
periods, averaging 199 6 11, 193 6 11, and 197 6 11 mg/d.

Cholesterol metabolism

Fecal cholesterol excretion increased 36 6 6% and 74 6 10%
in response to the moderate and high (ie, 459 and 2059 mg)
phytosterol intake levels, respectively. As shown in Figure 1,
most of the fecal cholesterol excretion originated from biliary
cholesterol, with a smaller proportion from dietary cholesterol.
Percentage intestinal cholesterol absorption decreased with in-
creasing phytosterol intake, resulting in a decrease in dietary
cholesterol absorbed (Table 3). Individual values for cholesterol
excretion and absorption are shown in Figure 2. In agreement
with these absorption results, the plasma cholestanol/total cho-
lesterol ratio decreased as the phytosterol dose increased. Cho-
lesterol biosynthesis, estimated from the plasma lathosterol/total
cholesterol ratio, increased 31 6 6% and 50 6 7% in response
to moderate and high phytosterol levels, respectively.

Lipid concentrations

As shown in Table 3, LDL cholesterol decreased significantly
only with the highest phytosterol dose (28.9 6 2.3%), whereas
a nonsignificant trend was observed with the moderate phytos-
terol intake (25.0 6 2.1%; P ¼ 0.077). Similarly, total cho-
lesterol and non-HDL cholesterol decreased with the high
phytosterol dose only, whereas the LDL/HDL cholesterol ratio
improved with both the moderate and high phytosterol intake
levels. Neither HDL cholesterol nor triglycerides was affected
by phytosterol intake. DISCUSSION

We quantified the effects of 3 levels of phytosterol intake on
cholesterol metabolism by using a novel phytosterol-deficient
background diet. Our principal finding was that dietary phy-
tosterols in moderate (459 mg/d) and high (2059 mg/d) doses
significantly enhanced excretion of biliary and dietary cholesterol
and reduced the efficiency of intestinal cholesterol absorption
relative to a phytosterol-deficient diet. Importantly, the moderate
phytosterol intake level studied can be achieved in a healthy diet
consisting of whole grains, fruit, vegetables, vegetable oils, nuts,
and seeds (8, 23). Accurate evaluation of phytosterol dose effects
was not possible previously because of the unknown contribu-
tion of naturally occurring dietary phytosterols in previous
clinical trials.

Both the moderate and high phytosterol intakes had a large
effect on cholesterol excretion. Most of the excreted material was
derived from endogenous biliary cholesterol. Because fecal
cholesterol excretion is the terminal portion of the reverse
cholesterol transport pathway, our data suggest that dietary
phytosterols may affect reverse cholesterol transport. Cholesterol
is released from peripheral tissues and macrophages lining the
arterial wall and are then transported to the liver for excretion into
bile (24). If the mechanism by which phytosterols increase
cholesterol excretion is, in fact, by facilitating cholesterol efflux

FIGURE 1. Mean (6SEM) fecal cholesterol excretion in response to 3
levels of phytosterol intake. Open bars represent mean biliary cholesterol
excretion, solid bars represent mean dietary cholesterol excretion, and the
total height of the bars represents total fecal cholesterol excretion for 18
subjects. Each phytosterol intake period lasted 4 wk, with all food and
beverages provided. PROC MIXED procedure with Tukey adjustment in
SAS (SAS Institute, Cary, NC): ysignificantly different from 59 mg/d, P ,
0.01; zsignificantly different from 459 mg/d, P , 0.01.

FIGURE 2. Total fecal cholesterol excretion and percentage intestinal
cholesterol absorption in response to 3 levels of phytosterol intake.
Individual values for total fecal cholesterol excretion (A) and percentage
intestinal cholesterol absorption (B) for 18 subjects. Each phytosterol
intake period lasted 4 wk, with all food and beverages provided.
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from the arterial wall, then phytosterols would be expected to
favorably alter the atherosclerotic process. It is also possible that
an increase in cholesterol biosynthesis contributed to some of
the observed increase in fecal cholesterol excretion. Additional
studies are required to elucidate the mechanisms by which
phytosterols enhance cholesterol excretion.

The cholesterol absorption values that we obtained are con-
sistent with those reported in the literature (18), and our results
further confirm that percentage cholesterol absorption decreases
as phytosterol intake increases. Although this effect of phytos-
terols has been demonstrated previously (1), our results provide
novel information that significant but more modest effects can
be obtained with a quantity of phytosterols that is achievable
naturally in the diet without supplementation. The 10% and 25%
reductions in cholesterol absorption that we observed with the
moderate and high phytosterol intake levels, respectively, sup-
port a dose effect. The dose-dependent increase in cholesterol
biosynthesis was likely a compensatory response to the reduced
absorption and increased excretion of cholesterol and is con-
sistent with previous results (25).

The effects of phytosterols on LDL cholesterol also appeared to
be dose-dependent. The 8.9% reduction in LDL cholesterol ob-
served with the 2059-mg/d dose of phytosterol in the present study
is consistent with the 8.8% reduction reported in a meta-analysis
(26) of 84 trials in which the mean daily phytosterol supplement
dose was 2.15 g (ie, 2150 mg). Both that report (26) and an earlier
meta-analysis (27) showed a dose-response relation between
phytosterols and LDL cholesterol, with little additional benefit
achieved beyond 2.5 g/d, which supports the recommendations of
the National Cholesterol Education Program (6) and the American
Heart Association (28) for adults to consume 2 g phytosterol
supplements daily to significantly lower LDL cholesterol.

The moderate (459 mg/d) phytosterol intake in our study did
not reduce LDL cholesterol significantly, although there was
a trend. Using a higher phytosterol dose of 740 mg/d in a diet that
was high in cholesterol (410 mg/d), Pelletier et al (29) observed
a 15% reduction in LDL cholesterol. Similarly, the US Food and
Drug Administration (FDA) concluded, based on previous
studies (30, 31), that health benefits can be achieved with 800
mg phytosterols/d. Additional studies are needed to determine
the threshold for LDL lowering. The FDA requires phytosterol-
enriched food products to contain the equivalent of �400 mg
free phytosterols per serving (ie, 0.65 g plant sterol esters), to be
eaten twice daily with meals, for a daily intake of �800 mg free
phytosterols (ie, 1.3 g plant sterol esters) (32) in order for their
labels to contain a health claim. It is important to note, however,
that the FDA and NCEP phytosterol dose recommendations are
based on studies that neither removed nor controlled for phy-
tosterols already present in the diet. Accurate quantification of
dietary phytosterols requires chemical analyses of diet com-
posites because nutrient databases do not contain comprehensive
phytosterol values. Therefore, the actual phytosterol intake in
most supplementation studies was variable and unknown. Re-
sults of the present study provide novel information on the ef-
fects of 3 analytically quantified phytosterol intakes, including
lower intakes than have been evaluated previously.

Whereas elevated LDL cholesterol is an effective target for
treatment because of its association with cardiovascular diseases
(33), lipid ratios may be more important than LDL cholesterol
alone. Ingelsson et al (34) reported that total/HDL cholesterol

and LDL/HDL cholesterol ratios were highly predictive of
coronary heart disease events in a 15-y follow-up. In the present
study, we observed significant reductions in the LDL/HDL
cholesterol ratio with both moderate and high phytosterol doses,
although the other lipid values were affected only by the high
dose. Another point to consider is that atherosclerotic plaque
progression and regression can occur independently of effects on
LDL cholesterol (35). Schoenhagen et al (36) showed that the
effects of statin therapy on coronary artery wall remodeling in
the REVERSAL (Reversal of Atherosclerosis with Aggressive
Lipid Lowering Therapy) trial were not explained by LDL
cholesterol, whereas the inflammatory marker C-reactive protein
was highly associated with remodeling. Therefore, markers of
cardiovascular disease risk other than LDL cholesterol may
be important to explore when assessing the health effects of
phytosterols.

Limitations of this study included the small sample size,
relatively short diet periods, and the provision of phytosterols as
a supplemental beverage rather than intact in foods. A small study
sample was justifiable because the crossover design controlled for
biological variability between the 3 levels of phytosterol intake.
The 4-wk feeding and 1-wk washout periods were based on
evidence that diet-induced reductions in LDL cholesterol occur
within 3 wk (37) with no washout period required. Finally, we
used phytosterol supplements so that the background diet would
be identical for all 3 phytosterol doses; this enabled us to control
all dietary factors that may affect serum lipids (eg, saturated fat,
trans fatty acids, and fiber).

In summary, results of this controlled feeding trial indicate that
phytosterols consumed in moderate and high doses substantially
enhanced fecal cholesterol excretion and reduced percentage in-
testinal cholesterol absorption relative to a phytosterol-deficient
diet, and the effect was dose-dependent. The marked increase in
biliary cholesterol excretion may represent an important mecha-
nism by which phytosterols favorably alter lipid metabolism.
Importantly, the moderate phytosterol intake of 459 mg/d can be
achieved naturally in a healthy diet. Future investigations will be
important to elucidate the potential role of phytosterols as a non-
pharmacologic means to improve whole-body cholesterol me-
tabolism and potentially reduce cardiovascular disease risk.
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