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Plant sterols are natural components of plants and used 
as functional food ingredients to effectively lower plasma 
total cholesterol (TC) and especially LDL cholesterol 
(LDL-C) concentrations (1–3). The daily consumption of 
1.5–3 g/d plant sterols lowers plasma LDL-C concentra-
tions by 7% to 12.5% (3). At the same time, plasma plant 
sterol concentrations modestly increase. The two major 
plant sterols in the diet as well as in plasma are sitosterol 
and campesterol. After the daily consumption of plant 
sterol-enriched foods (on average 1.6 g/d plant sterols; 
range: 0.3–3.2 g/d), plasma sitosterol concentrations in-
crease on average by 2.24 mol/l (31%; 95% CI: 26, 37), 
and those of campesterol increase by 5.00 mol/l (37%; 
95% CI: 29, 45) (4).

In recent years, concerns have been raised about whether 
these increases might have adverse health effects (5). This 
discussion relates to at least three arguments. First, patients 
with phytosterolemia (also known as sitosterolemia), a rare 
genetic disorder caused by mutations in ABCG5/8 genes, 
have severely elevated plant sterol concentrations (>50-fold) 
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and frequently develop premature CVD, while cholesterol 
concentrations are normal or only slightly increased (6). It 
should be noted, however, that increases in plant sterol 
concentrations after the consumption of plant sterol-
enriched products are only marginal compared with the 
severely elevated concentrations seen in phytosterolemic 
patients (4). Second, a genome-wide association study 
showed that common variants in the ABCG5 gene were 
associated with both increased plasma plant sterol concen-
trations and increased coronary artery disease (CAD) risk 
(7). Finally, some but not all epidemiological studies have 
reported positive associations between circulating plasma 
plant sterol concentrations and increased CVD risk (8–10). 
For example, in the Framingham Offspring Study, plasma 
total cholesterol (TC)-standardized sitosterol and campes-
terol concentrations were associated with 1.86- and 2.47-
fold increases in CVD risk, respectively (9). However, not 
all population-based studies have found evidence for an 
atherogenic role of elevated plant sterol concentrations. 
For example, in the EPIC-Norfolk Population Study, higher 
concentrations of plasma plant sterols were not adversely 
related to CAD (11). In a comprehensive meta-analysis 
with 17 studies involving 11,182 participants, Genser et al. 
(12) concluded that no relationship existed between 
plasma concentrations of sitosterol or campesterol and 
CVD risk. There was, however, substantial heterogeneity 
among the studies due to the use of different statistical ap-
proaches and study designs and lack of standardized meth-
odology to measure plant sterol concentrations.

Here we hypothesize that discrepancies between studies 
on the potential atherogenicity of plant sterols may relate 
to the presence of circulating oxyphytosterols representing 
the oxidized form of plant sterols. Plant sterols, which are 
analogues to cholesterol, possess a double bond in their 
ring structure and are therefore susceptible to oxidation by 
nonenzymatic processes, such as reactions with reactive 
oxygen species (7, 13). In animals, inconsistent effects on 
lesion formation have been reported after the addition of 
oxyphytosterols to the diet (14–16) or after intraperitoneal 
application (17). In humans, oxyphytosterols have been 
identified in aortic valve cusps (18), and we recently showed 
that plasma oxyphytosterol concentrations are elevated in 
(pre)diabetic patients compared with healthy controls 
(19). As plasma oxyphytosterol concentrations increase 
postprandially after the intake of a plant sterol-enriched 
meal (20), it is important to investigate whether oxyphytos-
terols are potentially atherogenic. Therefore, we examined 
the association between plasma oxyphytosterol concentra-
tions and CVD risk in the Framingham Offspring Study.

MATERIALS AND METHODS

Study design
As described previously in detail (21), the Framingham Off-

spring Study is a longitudinal cohort study initiated in 1971 that 
consisted of the offspring of the Framingham Heart Study and 
their partners. In total, 5,135 men and women were included, of 
whom 3,532 participated in the sixth examination cycle (1996–

1997). All underwent a standardized medical history and physical 
examination. Here we elaborate on the findings of Matthan et al. 
(9), who earlier included 155 cases and 414 matched control par-
ticipants to examine the relation between cholesterol homeostasis 
markers, including plasma plant sterols, and CVD risk. Cases were 
identified as individuals with documented CVD and not taking 
any lipid-lowering medication (statins, cholestyramin, niacin, or 
fibrates). For each identified case, three control participants were 
identified matched for age, sex, BMI, systolic blood pressure, and 
smoking status. Due to plasma sample availability, we present the 
details of 144 cases (49 women and 95 men) and 383 control par-
ticipants (129 women and 254 men). The Institutional Review 
Boards for Human Research at Tufts University, Tufts Medical 
Center, and Boston University approved this study.

CVD status and covariate variables
CVD was defined as the occurrence of myocardial infarction, 

50% carotid stenosis, coronary insufficiency, angina pectoris, 
cerebrovascular accident, or transient ischemic attack prior to the 
sixth examination cycle. Hypertension was defined by a diastolic 
blood pressure 90 mmHg or systolic blood pressure 140 
mmHg or if antihypertensive medication was used. Participants 
were classified as diabetic patients if their fasting glucose concen-
tration was 7.0 mmol/l or if they were taking insulin or oral hy-
poglycemic medication.

Oxyphytosterol analyses: assay validation
Plasma concentrations of 7-hydroxy(OH)-campesterol, 7-OH-

sitosterol, 7-OH-campesterol, 7-OH-sitosterol, 7-keto-campes-
terol, and 7-keto-sitosterol were analyzed by GC/MS/MS. We 
used the method of Husche et al. (22) with minor modifications 
related to the use of a GC/MS triple quad instead of a GC/MS 
single quad. The deuterium-labeled internal standards were syn-
thesized according to a previously described method (23). The 
original volume was reduced from 500 µl to 50 µl, and all reagent 
amounts were decreased 10-fold except for the dichloromethane, 
which was kept the same. Butylated hydroxytoluene (5 µl, or 25 
mg/ml) was added to the extraction tubes. After adding 10 µl of 
the internal standard, 50 µl Milli-Q water, 50 µl serum was added, 
and the tube was placed under a mild stream of nitrogen for 5 
min at room temperature. Then, 200 µl of 1 M ethanolic sodium 
hydroxide was added to the tube and closed with a screwcap with 
a Teflon layer. The tube was placed in an orbital shaker for 1 h at 
284 rpm at room temperature. Thereafter, 100 µl water was 
added, and the solution was neutralized with 30 µl H3PO4 in water 
(1:1), vortexed, and checked for a pH <6.5, and then 200 µl 0.9% 
sodium chloride was added. The rest of the procedure was the 
same as described previously (22). The current GC/MS triple-
quad analysis was validated against the established method by 
Husche et al. by measuring an independent set of samples at our 
laboratory. Pearson correlation coefficients were calculated, and 
good correlations were obtained between both methods (7-
OH-campesterol: r = 0.90; 7-OH-sitosterol: r = 0.83; 7-OH-
campesterol: r = 0.94; 7-OH-sitosterol: r = 0.84; and 
7-keto-campesterol: r = 0.81). The correlation between the two 
methodologies was the lowest (r = 0.33) for 7-keto-sitosterol con-
centrations, for which we do not have an explanation. Most im-
portantly, 7-keto-sitosterol concentrations (as well as all the other 
oxyphytosterols) for both methods were within the ranges found 
in literature (24). Plasma oxyphytosterol concentrations are ex-
pressed in ng/ml and in nmol/mmol cholesterol after standard-
ization for TC.

Statistical analyses
Plasma triacylglycerol (TAG), plant sterol, and oxyphytosterol 

concentrations were log-transformed to correct for their skewed 
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distributions, and all data (normal and log-transformed) were 
standardized to express results on a comparable scale as described 
previously (9). An independent t-test was performed to compare 
continuous baseline characteristics between cases and controls 
and plasma oxyphytosterol concentrations between diabetic and 
nondiabetic participants. Chi-square tests were performed to 
compare categorical baseline characteristics between cases and 
controls. A univariate ANOVA was used to compare plasma oxy-
phytosterol concentrations between cases and controls, with or 
without diabetes. Conditional, univariate logistic regression was 
performed, accounting for the matched nature of the study pop-
ulation, to determine associations between plasma lipids, plant 
sterols, oxyphytosterols, and CVD status (case or control). In addi-
tion, associations between plasma concentrations and CVD status 
were determined in a multivariate logistic regression model with 
the following covariates: diastolic blood pressure, LDL-C, HDL-C, 
TAG, diabetes medication, antihypertensive medication, and the 
matching variables age, sex, systolic blood pressure, BMI, and 
smoking status. Conditional logistic regression was performed us-
ing proc PHREG with case-control status as the stratifying variable 
and hazard ratio as the outcome. Pearson correlation coefficients 
were calculated to determine associations between plasma plant 
sterols and oxyphytosterol concentrations. All statistical analyses 
were performed using SAS version 9.4 (SAS institute Inc., Cary, 
NC), and P < 0.05 was considered to be statistically significant 
based on two-sided testing.

RESULTS

Baseline characteristics
Due to limited plasma availability, the population for the 

current study consisted of less participants than the earlier 
study on plant sterols (144 vs. 155 CVD cases and 383 vs. 
414 controls, respectively). Baseline characteristics are 
shown in Table 1. Cases and controls had a similar age, 
BMI, systolic blood pressure, and smoking status, as they 
were matched for these variables. As in the original study 
population (9), body weight and waist circumference were 
comparable between cases and controls, while cases had a 
lower diastolic blood pressure than control participants. 
Moreover, among cases, more individuals had diabetes 
(29% vs. 11%) and hypertension (65% vs. 54%). In agree-
ment, the use of diabetic or antihypertensive medication 
was higher in cases than controls. Despite a slightly differ-

ent population, concentrations of plasma lipids and plant 
sterols and associations with CVD status were comparable 
to those reported previously (9) (supplemental Table S1).

Plasma oxyphytosterol concentrations
In contrast to the nonoxidized circulating TC-standard-

ized plant sterol concentrations, the univariate analysis 
showed that none of the oxidized plant sterols was associ-
ated with CVD risk. Results were comparable for absolute 
and TC-standardized oxyphytosterol concentrations (Ta-
ble 2). The ratios of all individual oxyphytosterol to plant 
sterol concentrations were inversely correlated with CVD 
risk (Table 2). Figure 1 shows the multiple adjusted hazard 
ratios for the nonoxidized and oxidized plant sterol con-
centrations and CVD risk. Based on the multivariate analy-
sis, higher TC-standardized campesterol [odds ratio (OR): 
2.36; 95% CI: 1.60, 3.50] and higher sitosterol concentra-
tions (OR: 1.47; 95% CI: 1.09, 1.97) were significantly as-
sociated with an increased CVD risk, whereas the absolute 
plasma oxyphytosterol concentrations as well as the TC-
standardized concentrations were not associated with CVD 
risk.

CVD risk markers and oxyphytosterol concentrations 
were also compared between individuals with and without 
diabetes. Plasma TC concentrations were comparable, but 
diabetic individuals had lower LDL-C concentrations (3.16 
± 0.89 vs. 3.37 ± 0.82 mmol/l; P < 0.05), lower HDL-C con-
centrations (1.10 ± 0.34 vs. 1.27 ± 0.40 mmol/l; P < 0.01), 
and higher TAG concentrations (1.84 ± 0.63 vs. 1.36 ± 0.52 
mmol/l; P < 0.0001). Absolute oxyphytosterol and TC-stan-
dardized concentrations were comparable between indi-
viduals with and without diabetes (data not shown). When 
categorizing the population on the basis of diabetes status 
as well as on CVD status, oxyphytosterol concentrations 
(sum and individual isoforms) were comparable between 
each of the categories (cases with diabetes, cases without 
diabetes, controls with diabetes, and controls without dia-
betes) (Fig. 2).

Correlations between nonoxidized and oxidized plant 
sterols

Plasma nonoxidized TC-standardized sitosterol concen-
trations showed weak correlations with 7-OH-sitosterol 

TABLE  1.  Baseline characteristics

Variables Cases (n = 144) Controls (n = 383) Pa

Age (years) 67.5 ± 0.7 66.3 ± 0.4 Matched
Body weight (kg) 81.2 ± 1.4 83.0 ± 0.8 0.25
BMI (kg/m2) 28.8 ± 0.4 28.9 ± 0.3 Matched
Waist circumference (cm) 101.5 ± 1.0 101.5 ± 0.6 0.97
SBP (mmHg) 135.2 ± 1.6 135.7 ± 1.0 Matched
DBP (mmHg) 72.2 ± 0.8 76.2 ± 0.5 <0.0001
Smokers [% (n)] 15 (22) 16 (61) Matched
Diabeticsb [% (n)] 29 (41) 11 (42) <0.0001
Hypertensionc [% (n)] 65 (92) 54 (205) 0.0163
Diabetes medication [% (n)] 16 (23) 6 (22) 0.0002
Antihypertensive medication [% (n)] 53 (75) 35 (133) 0.0001

Values are means ± SEs unless otherwise indicated. DBP, diastolic blood pressure; SBP, systolic blood pressure.
a Based on a two-sided independent t-test or Chi-square test.
b Fasting blood glucose 7.0 mmol/l or the use of insulin or oral hypoglycemic medication.
c SBP 140, DBP 90, or the use of medication.
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(r = 0.12; P < 0.01), 7-OH-sitosterol (r = 0.17; P < 0.001), 
and 7-keto-sitosterol concentrations (r = 0.13; P < 0.01). 
Plasma nonoxidized TC-standardized campesterol con-
centrations did not correlate with 7-OH-campesterol or 
7-keto-campesterol, and only a weak correlation with 
7-OH-campesterol was present (r = 0.14; P < 0.01). Fur-
thermore, all individual plasma concentrations of oxyphy-
tosterol correlated with each other (Table 3).

DISCUSSION

Here we report the results of a multivariate-adjusted ap-
proach showing that absolute plasma oxyphytosterol as 
well as TC-standardized oxyphytosterol concentrations 
were not associated with CVD risk, defined as documented 
CVD and/or 50% carotid stenosis, in participants of the 

Framingham Offspring Study. This indicates that the pres-
ence of circulating oxyphytosterols is most likely not an un-
derlying reason for the existing controversy around the 
potential atherogenicity of elevated plasma plant sterol 
concentrations (12). Our data are partly in agreement with 
Fuhrmann et al. (25), who did not find an association 
between absolute and TC-standardized oxyphytosterol 
concentrations, except for a positive association for 7-OH-
campesterol, with cardiovascular events in subjects admit-
ted for elective coronary angiography. While information 
regarding oxyphytosterol metabolism and their effects on 
human health is scarce, data from in vitro and animal stud-
ies have shown that oxyphytosterols might be atherogenic 
(5, 24). Despite their low plasma concentrations in hu-
mans, oxyphytosterols are a factor 103 lower compared with 
plant sterols and have been identified in aortic valve cusps 
of CAD patients (18). Moreover, (pre)diabetics have been 

TABLE  2.  Absolute and TC-standardized oxyphytosterol concentrations in plasma

Variables Cases (n = 144) Controls (n = 383) Hazard Ratioa per 1 SD P

Oxyphytosterols (nmol/l)
  7-OH-campesterol 1.32 ± 0.07 1.25 ± 0.04 1.08 (0.88, 1.33) 0.46
  7-OH-sitosterol 0.88 ± 0.06 0.85 ± 0.02 1.07 (0.88, 1.31) 0.50
  7-OH-campesterol 1.30 ± 0.05 1.29 ± 0.03 0.97 (0.80, 1.19) 0.77
  7-OH-sitosterol 1.42 ± 0.05 1.42 ± 0.03 1.02 (0.83, 1.24) 0.85
  7-ketocampesterol 3.28 ± 0.14 3.30 ± 0.09 1.01 (0.83, 1.24) 0.89
  7-ketositosterol 13.8 ± 0.48 13.9 ± 0.25 1.00 (0.82, 1.21) 0.96
  Sum oxyphytosterolsb 22.0 ± 0.68 22.0 ± 0.35 0.99 (0.81, 1.21) 0.92
Oxyphytosterols (nmol/mmol TC)
  7-OH-campesterol 0.25 ± 0.01 0.24 ± 0.01 1.07 (0.87, 1.32) 0.51
  7-OH-sitosterol 0.17 ± 0.01 0.16 ± 0.00 1.06 (0.87, 1.29) 0.59
  7-OH-campesterol 0.25 ± 0.01 0.25 ± 0.01 0.96 (0.79, 1.18) 0.71
  7-OH-sitosterol 0.28 ± 0.01 0.27 ± 0.01 1.01 (0.83, 1.23) 0.94
  7-ketocampesterol 0.63 ± 0.03 0.63 ± 0.02 1.01 (0.83, 1.23) 0.95
  7-ketositosterol 2.68 ± 0.11 2.67 ± 0.05 0.99 (0.81, 1.20) 0.89
  Sum oxyphytosterolsb 4.26 ± 0.15 4.22 ± 0.07 0.98 (0.80, 1.19) 0.83
Oxidation statusc

  7-OH-campesterol 1.25 ± 0.08 1.39 ± 0.05 0.77 (0.61, 0.96) 0.02
  7-OH-sitosterol 1.21 ± 0.09 1.29 ± 0.05 0.81 (0.65, 1.01) 0.07
  7-OH-campesterol 1.23 ± 0.06 1.45 ± 0.05 0.67 (0.53, 0.85) 0.001
  7-OH-sitosterol 1.91 ± 0.09 2.14 ± 0.06 0.74 (0.58, 0.93) 0.01
  7-ketocampesterol 3.19 ± 0.19 3.72 ± 0.13 0.78 (0.63, 0.97) 0.03
  7-ketositosterol 19.12 ± 1.11 21.49 ± 0.78 0.78 (0.63, 0.97) 0.02

Values are means ± SEs unless otherwise indicated. Log transformation was applied for all oxyphytosterols.
a Based on univariate conditional logistical regression (i.e., matched case-control analysis). Values in parentheses 

are 95% CIs.
b Sum of 7-OH-phytosterols, 7-OH-phytosterols, and 7-ketophytosterols.
d Calculated as ((oxyphytosterol × 100)/plant sterol)% × 102.

Fig.  1.  Hazard ratios (lower and upper limits) for 
plant sterol concentrations (umol/mmol chol) and 
oxyphytosterol concentrations (nmol/mmol chol) 
and CVD risk in a multivariate conditional logistic re-
gression model. Hazard ratios are adjusted for age, 
sex, BMI, systolic blood pressure, and smoking status 
(matching variables) and diastolic blood pressure, 
LDL-C, HDL-C, TAG, diabetes medication, and antihy-
pertensive medication (covariates).
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shown to have higher plasma oxyphytosterol concentra-
tions compared with healthy controls (19). However, in the 
current study we could not demonstrate an association be-
tween plasma oxyphytosterol concentrations and CVD risk, 
and we found weak correlations between circulating TC-
standardized plasma oxyphytosterol concentrations and 
their respective nonoxidized plant sterol precursors. While 
absolute and TC-standardized oxyphytosterol concentra-
tions were not related to CVD risk, the ratio of individual 
oxyphytosterols to plant sterols was inversely correlated 
with CVD risk, suggesting that a higher oxidation status 
protects against CVD. However, because in this cohort 
plant sterol concentrations were positively associated with 
CVD while no associations were observed between oxidized 
plant sterols and CVD risk, this surprising finding for the 
oxyphytosterol to plant sterol ratio most likely relates to the 
positive relation of increased plant sterol concentrations 
with CVD risk. Moreover, this ratio actually demonstrates 
the lack of correlation between plant sterols and oxyphy-
tosterols in plasma, that is, an increase in plant sterols with-
out a concomitant increase in oxyphytosterols. This then 
raises the question as to where the oxyphytosterols circu-

lating in plasma actually come from. In fact, the actual 
question of interest relates to whether (aortic) tissue con-
centrations of oxyphytosterols correlate with CVD while 
plasma oxyphytosterols may not necessarily reflect tissue 
concentrations. For nonoxidized plant sterol concentra-
tions, it is known that plasma and tissue concentrations 
correlate (26). However, Schött et al. (27) measured oxy-
phytosterol concentrations in plasma and aortic valve cusps 
in patients undergoing elective aortic valve replacement and 
showed only weak correlations between oxyphytosterol 
concentrations in plasma and aortic tissue. We also could 
not previously demonstrate correlations between oxyphy-
tosterol concentrations in plasma with their concentrations 
in red blood cells or platelets (19). These findings suggest 
that plasma oxyphytosterol concentrations may not reflect 
tissue concentrations. It might be possible that the lack of 
correlation between plasma and tissue concentrations of 
oxyphytosterols is due to the fact that oxyphytosterols are 
produced within tissues and, as a spillover mechanism, are 
secreted back into the circulation (28). However, this sug-
gestion is based only on the lack of correlation between 
plasma and tissue concentrations in aortic valve cusps and 
blood cells. For future research, it would be interesting to 
assess whether correlations exist between oxyphytosterols 
in plasma and in more metabolically active tissues, such as 
endothelial cells or hepatocytes, and between oxyphytos-
terols in these tissues and CVD risk. In summary, plasma 
might not be the correct compartment for assessing the 
potential atherogenicity of oxyphytosterols, and our results 
should therefore be interpreted with caution.

The inconsistency between elevated plasma plant sterol 
concentrations and CVD risk as observed in numerous (ob-
servational) studies remains to be explained. In this re-
spect, it has been postulated that increased cholesterol 
absorption rates, indicated by elevated TC-standardized 
plant sterol concentrations used as surrogate markers for 

Fig.  2.  Oxyphytosterol concentrations in control 
subjects without diabetes (n = 341), control subjects 
with diabetes (n = 42), cases without diabetes (n = 
102), and cases with diabetes (n = 42). Values are pre-
sented as means ± SEs.

TABLE  3.  Correlation between individual oxyphytosterol and 
oxycholesterol concentrations

Parameter Parameter Correlation P

7-OH-campesterol 7-OH-campesterol 0.628 <0.0001
7-ketocampesterol 0.412 <0.0001

7-OH-campesterol 7-ketocampesterol 0.421 <0.0001

7-OH-sitosterol 7-OH-sitosterol 0.564 <0.0001
7-ketositosterol 0.410 <0.0001

7-OH-sitosterol 7-ketositosterol 0.500 <0.0001

Correlations are based on the whole group and are not separated 
by case/control status on log-transformed TC-standardized oxyphytosterol 
concentrations.
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cholesterol absorption, could be a possible explanation. In-
deed, high cholesterol absorption and low cholesterol syn-
thesis rates have been associated with increased CVD risk in 
patients referred to angiography (29) and with increased 
all-cause and CVD mortality rates in participants of the 
Ludwigshafen Risk and Cardiovascular Health Study (30). 
However, lower cholesterol absorption rates, estimated by 
TC-standardized plant sterol concentrations, have also 
been associated with an increased CVD risk (31, 32). Fur-
thermore, cholesterol absorption rates are supposed to be 
typically low in individuals with metabolic syndrome and 
type 2 diabetes, and these patients are overall at increased 
risk to develop CVD (33). Thus, evidence on the relation 
between cholesterol absorption, as measured by TC-stan-
dardized plant sterol concentrations, and CVD risk, ex-
plaining the potential atherogenicity of plasma plant 
sterols, is inconclusive. In any case, the use of TC-standard-
ized plant sterols concentrations as surrogate markers for 
cholesterol absorption has been validated only in healthy 
subjects, and caution is warranted when applied to other 
populations, such as CVD patients (34, 35).

In the current study, we investigated whether plasma 
oxyphytosterol concentrations were higher in diabetic ver-
sus nondiabetic individuals, as diabetic patients are in gen-
eral characterized by elevated oxidative stress, such as 
higher oxycholesterol and malonyldialdehyde concentra-
tions and lower trolox equivalent antioxidant capacity val-
ues (36–38), and have a higher risk of CVD overall. Indeed, 
we previously demonstrated that plasma oxyphytosterol 
concentrations were significantly higher in individuals with 
impaired glucose tolerance or type 2 diabetes compared 
with healthy controls (19). In the current study, however, 
plasma oxyphytosterol concentrations were not signifi-
cantly different between diabetic and nondiabetic individ-
uals, irrespective of their CVD status. It could be speculated, 
however, that the control participants in this Framingham 
cohort might not be as healthy as the healthy population 
included in an earlier study (19) because they were 
matched to the cases on the basis of their age, sex, BMI, 
systolic blood pressure, and smoking status.

In conclusion, this study showed that circulating plasma 
oxyphytosterol concentrations are not associated with CVD 
risk in the Framingham Offspring Study participants. Further 
research is needed to investigate whether this is also true 
for tissue oxyphytosterol concentrations and CVD risk.
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