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ARTICLE INFO ABSTRACT

Keywords: We evaluated oxyphytosterol (OPS) concentrations in plasma and various tissues of two genetically modified
Phytosterols mouse models with either increased cholesterol (apoE KO mice) or increased cholesterol and plant sterol (PS)
Cholesterol concentrations (apoExABCG8 dKO mice). Sixteen female apoE KO and 16 dKO mice followed the same standard,
ngt};}r':;:temls low OPS-chow diet. Animals were euthanized at 36 weeks to measure PS and OPS concentrations in plasma,

brain, liver and aortic tissue. Cholesterol and oxysterol (OS) concentrations were analyzed as reference for sterol
oxidation in general. Plasma campesterol (24.1 + 4.3 vs. 11.8 & 3.0 mg/dL) and sitosterol (67.4 + 12.7 vs. 4.9 +
1.1 mg/dL) concentrations were severely elevated in the dKO compared to the apoE KO mice (p < 0.001). Also,
in aortic and brain tissue, PS levels were significantly elevated in dKO. However, plasma, aortic and brain OPS
concentrations were comparable or even lower in the dKO mice. In contrast, in liver tissue, both PS and OPS
concentrations were severely elevated in the dKO compared to apoE KO mice (sum OPS: 7.4 + 1.6 vs. 4.1 £+ 0.8
ng/mg, p < 0.001). OS concentrations followed cholesterol concentrations in plasma and all tissues suggesting
ubiquitous oxidation. Despite severely elevated PS concentrations, OPS concentrations were only elevated in
liver tissue, suggesting that OPS are primarily formed in the liver and plasma concentrations originate from
hepatic spill-over into the circulation.

1. Introduction micellar theory as underlying mechanism, there are also strong in-

dications that plant sterols activate the trans intestinal cholesterol

Plant sterols are naturally occurring constituents of plants and found
in our diet in products like vegetable oils, such as corn oil, soybean oil,
and rapeseed oil, as well as cereals, nuts, fruit and vegetables. The
average daily intake of plant sterols in Western countries is approxi-
mately 300 mg, but can be as high as 600 mg in vegetarians [1]. Since
plant sterols share structural similarities with cholesterol, they compete
in the gastrointestinal tract with cholesterol for incorporation into
mixed micelles, which lowers the bioavailability of cholesterol for ab-
sorption. This results in an up-regulation of low-density lipoprotein
(LDL)-receptor expression and a compensatory increased endogenous
cholesterol synthesis, which ultimately results in a net reduction in
plasma LDL-cholesterol (LDL-C) concentrations [2]. Besides this mixed

excretion pathway [3,4]. Consumption of functional foods enriched with
plant sterols can, via the above-mentioned mechanisms, reduce LDL-C
concentrations up to 10 % and consumption of plant sterol enriched
products is therefore recommended in current dietary guidelines [5,6].
Interestingly, in contrast to cholesterol, plant sterols are hardly absorbed
[7] and together with a high biliary secretion, this explains their rela-
tively low plasma concentrations. On average, circulating plant sterol
concentrations (~6.9 pmol/L for sitosterol and ~13.1 pmol/L for cam-
pesterol) are ~300 fold lower as compared to cholesterol concentrations
(~6.0 mmol/1) [8]. Plant sterols have a typical double bond between
C5-C6 in their steroid nucleus and are, just like cholesterol, susceptible
to reactive oxidative species (ROS)-mediated oxidation which can result
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in the formation of oxidized plant sterols [9]. These so-called oxy-
phytosterols (OPS) are found in the circulation and we have previously
demonstrated that not only the plant sterol concentrations, but also OPS
concentrations increased during the postprandial phase after the intake
of a plant sterol-enriched meal [10]. These meals contained plant sterols
(3 g) and additionally a very low amount (0.68 mg) of naturally present
OPS. An important remaining question was whether the observed in-
crease in circulating OPS was derived from intestinal OPS uptake or
from endogenous OPS formation. Recently, Lin et al. [11] quantified
changes in plasma OPS concentrations after six weeks’ dietary intake of
three different very high doses of OPS (range: 9-37 mg/d), i.e approx-
imately 13-50 times higher than habitual intakes. This well-controlled
randomized placebo-controlled dose-response study demonstrated that
plasma OPS concentrations increased nonlinearly and clearly reached
plateau concentrations (range: 50—166 nmol/L increase from baseline)
already after one week, indicating that diet-derived OPS are indeed
absorbed. However, these meals not only contained higher amounts of
OPS, but also of plant sterols (2.7-3.2 g/d). This implies that it is still
unknown whether the observed increase in circulating OPS was only
derived from dietary uptake or whether there was also endogenous
formation of OPS after absorption of non-oxidized dietary plant sterols.

In contrast to OPS, besides oxidation in the ring structure, OS can
also be generated by enzymatic side-chain hydroxylation [12]. While
oxysterols oxidized in the ring are postulated to have toxic effects, ste-
rols oxidized enzymatically in the sidechain play important biological
roles [13]. Increased plasma 7-ketocholesterol and 7p-OH-cholesterol
concentrations are found in cardiovascular disease (CVD) patients [14]
and in atherosclerotic plaques [15]. Moreover, elevated plasma
cholesterol concentrations are associated with increased 7-ketocholes-
terol concentration in hypercholesterolemic [16] and diabetic patients
[16,17], demonstrating increased cholesterol concentrations as sub-
strate for oxidative stress and higher absolute levels of oxysterols. In
addition, a diet high in cholesterol has been shown to increase hepatic
oxysterol concentrations [18]. In the present study, we evaluated the
endogenous formation of OPS in apoE(-/-) (KO) mice and in apoEx-
ABCGS8 double KO (dKO) mice that all consumed the same standard
chow diets low in OPS by measuring cholesterol, oxysterol, plant sterol
and OPS concentrations in plasma and in tissues. These mice were
chosen, since apoE deficiency results in elevated plasma cholesterol
concentrations whereas the deficiency in the half transporter ABCG8
severely elevates plasma plant sterol concentrations. The aim of this
study was to assess OPS concentrations in plasma and in aortic, liver and
brain tissue in an experimental mice model characterized by elevated
plant sterol concentrations.

2. Methods
2.1. Animals, housing, and diets

This study was approved by the Institutional Animal Care and Use
Committee (Dierexperimenten commissie, DEC-RUG). For this experi-
ment, female apoE KO mice (N = 16) and female apoEXABCG8 dKO (N =
16) were used. All mice had ad libitum access to their standard
commercially pelleted laboratory chow — low in OPS concentrations (8
ng/mg) — (RMH-B, diets Hope Farms BV, Woerden, The Netherlands),
and were housed individually during the whole experiment. At the age
of 36 weeks, all animals were euthanized and flushed with ice-cold
EDTA in PBS (2 pM). Next, the liver and brain were excised and rinsed
with ice-cold BHT in PBS (5 mg BHT/100 ml). The aortic roots were
isolated and immediately frozen in liquid nitrogen. All samples were
kept at —80 °C until analysis. Plasma was obtained by low-speed
centrifugation at 3000 rpm for 10 min at 4 °C and 10 pL Butylated
hydroxytoluene (BHT, 25 mg/mL ethanol) was added per 1 mL of
plasma, immediately after centrifugation. Plasma samples were snap
frozen in liquid nitrogen and stored at —80 °C until analysis.
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2.2. Cholesterol, plant sterol and oxy(phyto)sterol concentrations

Cholesterol, plant sterol, oxysterol and OPS concentrations were
analyzed in plasma samples and in liver, brain and aortic root tissues.
Cholesterol, plant sterols and oxy(phyto)sterols (7a-hydroxy(OH)-, 7f-
OH- and 7keto-(phyto)sterol were extracted from tissue aliquots (dry
weight) with 10 mL Folch-reagent (chloroform/methanol; 3:1; v:v) per
mg tissue as described previously [19]. BHT (0.25 mg added per mL
solvent) was used as antioxidant and added prior to extraction. Extrac-
tion was performed for 48 h at 4 °C in a dark cold room. The extracts
were kept at 20 °C until analysis. Fifty microliters of mouse plasma and
two mL of the Folch extract of liver, brain and aortic tissue was used for
sterol and oxy(phyto)sterol determination. Cholesterol concentrations
in plasma and tissue were analyzed by gas chromatography-flame
ionization detection (GC-FID) and plant sterol concentrations were
analyzed by highly specific and sensitive mass spectrometry in the
selected ion monitoring mode (MS-SIM) [20]. Oxysterol and OPS con-
centrations were analyzed by gas chromatography-mass spectrometry
(GC-MS) as described by Husche et al. [21]. In plasma, cholesterol and
plant sterol concentrations are expressed as mg/dL and additionally
plant sterols are also shown, standardized for total cholesterol. Choles-
terol and plant sterol concentrations in tissues are expressed as jpg/mg or
ng/mg dry tissue. OPS concentrations in plasma are expressed as ng/mL
and plasma OS concentrations are expressed as mg/dL and as 102
mg/mg when standardized for total cholesterol concentrations. In tis-
sues, OPS and OS concentrations are expressed as ng/mg dry tissue. The
isoforms of 7a-OH-, 7p-OH- and 7keto-(phyto)sterol concentrations
were determined, which will be referred to as OPS or OS troughout this
manuscript.

2.3. Statistics

An unpaired two-tailed Student’s T-test was used to examine dif-
ferences between cholesterol, plant sterol, OS and OPS concentrations in
apoE KO and apoExABCG8 dKO mice. Results were considered to be
statistically significant if P < 0.05. Data are presented as means + SD. All
statistical analyses were performed using SPSS 20.0 for Mac Os X or
higher (SPSS Inc., Chicago, IL, USA).

3. Results

Plasma campesterol (24.1 + 4.3 vs. 11.8 + 3.0 mg/dL) and sitosterol
concentrations (67.4 + 12.7 vs. 4.9 &+ 1.1 mg/dL) were elevated in dKO
mice as compared to apoE KO mice (p < 0.001). Results were compa-
rable when standardized for total cholesterol concentrations (Table 1).
Despite severely elevated plasma non-oxidized plant sterol concentra-
tions, plasma OPS concentrations were comparable (sum oxysitosterol:
627.8 + 102.5 vs. 589.9 + 115.3 ng/mL) or even lower (sum oxy-
campesterol: 368.3 + 57.3 vs. 531.5 + 130.7 ng/mL) in dKO mice as
compared to apoE KO mice (Table 2). Also in aortic root tissue and in
brain tissue, campesterol (1172.6 + 241.8 vs. 270.6 + 124.8 and 406.3
+ 40.5 vs. 51.5 + 6.3 ng/mg, respectively) and sitosterol concentrations
(2607.0 & 547.9 vs. 64.8 & 41.0 and 655.3 & 81.6 vs. 9.1 + 2.1 ng/mg,

Table 1
Plasma plant sterol and cholesterol concentrations in apoE KO mice (N = 16) and
apoExABCG8 dKO mice (N = 16) after 36 weeks low-OPS chow-diet.

ApoE(-/-) mice  ApoE(-/-)XABCGS8(-/-) mice ~ P-value'
Campesterol (mg/dL) 11.8 + 3.0 24.1 + 4.3 <0.001
Sitosterol (mg/dL) 49+1.1 67.4 £12.7 <0.001
Campesterol” 22.4+29 201.1 + 45.6 <0.001
Sitosterol” 9.4+1.2 563.8 £ 137.5 <0.001
Cholesterol (mg/dL) 520.8 +£79.1 128.4 + 50.5 <0.001

Values are means =+ SD.
1 p.values were calculated by an unpaired Student’s T-test.
2 Non-cholesterol sterols expressed as *10° dL/dL cholesterol.
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Table 2
Plasma oxyphytosterol and oxycholesterol concentrations in apoE KO mice (N =
16) and apoEXABCG8 dKO mice (N = 16) after 36 weeks chow-diet.

ApoE(-/-) mice  ApoE(-/-)xABCG8(-/-) p-
mice value'

7a-OH-campesterol (ng/ 56.2 + 19.1 15.3+7.7 <0.001
mL)

7a-OH-sitosterol (ng/mL) 27.8 £ 10.1 15.6 + 5.8 <0.001

7p-OH-campesterol (ng/ 218.2 £72.0 70.5 + 27.4 <0.001
mL)

7p-OH-sitosterol (ng/mL) 212.9 + 67.2 100.4 &+ 34.9 <0.001

7-keto-campesterol (ng/ 257.1 + 44.7 282.5 + 31.2 NS
mL)

7-keto-sitosterol (ng/mL) 349.2 + 60.8 511.9 £ 72.6 <0.001

Sum oxycampesterol (ng/ 531.5 +130.7 368.3 £ 57.3 <0.001
mL)

Sum oxysitosterol (ng/mL)  589.9 + 115.3 627.8 +102.5 NS

7a-OH-cholesterol (mg/ 580.2 + 154.9 137.8 4 47.3 <0.001
dL)

7p-OH-cholesterol (mg/ 1361.9 + 331.8 £139.1 <0.001
dL) 393.3

7-keto-cholesterol (mg/ 7335.2 + 1281.7 + 519.5 <0.001
dL) 1817.3

Sum oxysterol (mg/dL) 9277.2 + 1751.3 + 663.1 <0.001

1911.9

Values are means + SD.
! p.values were calculated by an unpaired Student’s T-test. NS: non-
significant.

respectively) were significantly elevated in dKO mice (Tables 3 and 4 p
< 0.001), while OPS concentrations in aortic root and brain tissue were
comparable between dKO and apoE KO mice (Tables 3 and 4). In
contrast to plasma, aortic and brain tissue, in liver tissue, both plant
sterol concentrations (campesterol: 824.3 + 138.1 vs. 156.6 + 40.0,
sitosterol: 1963.6 + 329.7 vs. 39.9 &+ 10.1 ng/mg, p < 0.001) and also
OPS were significantly elevated in dKO mice compared to apoE KO mice
(sum oxycampesterol: 2.74 + 0.58 vs. 1.57 + 0.31, sum oxysitosterol:
4.68 + 1.04 vs. 2.52 + 0.48, p < 0.001) (Table 5).

Looking in more detail to the different OPS isoforms, the highest
concentrations in liver tissue were seen for 7-keto-sitosterol /

Table 3

Sterol and oxyphytosterol and oxycholesterol concentrations in brain tissue from
apoE KO mice (N = 16) and apoEXABCG8 dKO mice (N = 16) after 36 weeks
chow-diet.

ApOE(-/-) ApOE(-/-)XABCG8(-/-) P-
mice mice value'
Brain
Campesterol (ng/mg) 51.5+6.3 406.3 + 40.5 <0.001
Sitosterol (ng/mg) 9.1+21 655.3 + 81.6 <0.001
7a-OH-campesterol (ng/ 0.08 &+ 0.24 0.05 £+ 0.05 NS
mg)
70-OH-sitosterol (ng/mg) 0.04 £ 0.12 0.02 + 0.01 NS
7p-OH-campesterol (ng/ 0.08 = 0.15 0.09 £+ 0.06 NS
mg)
7B-OH-sitosterol (ng/mg) 0.05 + 0.09 0.08 + 0.03 NS
7-keto-campesterol (ng/ 1.57 +1.00 2.35+0.33 <0.01
mg)
7-keto-sitosterol (ng/mg) 2.88 +2.09 3.61 + 0.48 NS
Sum oxycampesterol (ng/ 1.74 £1.39 2.49 +0.34 NS
mg)
Sum oxysitosterol (ng/mg) 2.97 +2.29 3.72 £ 0.49 NS
Cholesterol (ug/mg) 65.9 + 1.8 64.2 + 3.4 NS
7a-OH-cholesterol (ng/mg) 0.8 +£ 0.1 0.7 £ 0.1 NS
7p-OH-cholesterol (ng/mg) 2.4 + 0.3 2.6 £0.3 <0.05
7-keto-cholesterol (ng/mg) 77.7 + 19.5 77.9 £+ 23.6 NS
Sum oxysterol (ng/mg) 80.8 +19.7 81.2 + 23.7 NS

Values are means =+ SD.
! p.values were calculated by an unpaired Student’s T-test. NS: non-
significant.
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Table 4

Sterol and oxyphytosterol and oxycholesterol concentrations in aortic root tissue
from apoE KO mice (N = 16) and apoEXABCG8 dKO mice (N = 16) after 36
weeks chow-diet.

ApoE(-/-) ApoE(-/-)xABCG8(-/-) P-
mice mice value'
Aortic root
Campesterol (ng/mg) 270.6 + 1172.6 + 241.8 <0.001
124.8
Sitosterol (ng/mg) 64.8 + 41.0 2607.0 + 547.9 <0.001
7a-OH-campesterol (ng/ 0.52 + 0.08 0.48 + 0.12 NS
mg)
7a-OH-sitosterol (ng/mg) 0.17 £+ 0.02 0.26 + 0.08 <0.01
7p-OH-campesterol (ng/ 0.34 + 0.09 0.45 £+ 0.09 <0.01
mg)
7p-OH-sitosterol (ng/mg) 0.22 + 0.05 0.54 + 0.07 <0.001
7-keto-campesterol (ng/ 5.20 + 0.82 4.60 + 0.94 NS
mg)
7-keto-sitosterol (ng/mg) 8.11 +£1.17 7.50 + 1.57 NS
Sum oxycampesterol (ng/ 6.06 + 0.92 5.53 + 1.05 NS
mg)
Sum oxysitosterol (ng/mg) 8.51 +1.18 8.30 + 1.65 NS
Cholesterol (ug/mg) 11.7 £ 3.5 43+1.0 <0.001
7a-OH-cholesterol (ng/mg) 2.4 + 1.0 1.0+ 0.2 <0.001
7p-OH-cholesterol (ng/mg) 6.5 + 2.7 2.6 + 0.4 <0.001
7-keto-cholesterol (ng/mg)  28.0 £ 17.5 85+ 4.1 <0.001
Sum oxysterol (ng/mg) 36.9 £ 19.9 12.1 + 4.0 <0.001

Values are means + SD.
! p-values were calculated by an unpaired Student’s T-test. NS: non-
significant.

Table 5

Sterol and oxyphytosterol and oxycholesterol concentrations in liver tissue from
apoE KO mice (N = 16) and apoEXABCG8 dKO mice (N = 16) after 36 weeks
chow-diet.

ApoE(-/-) ApOE(-/-)XABCG8(-/-) P-
mice mice value'
Liver
Campesterol (ng/mg) 156.6 + 40.0 824.3 £138.1 <0.001
Sitosterol (ng/mg) 39.9 +10.1 1963.6 + 329.7 <0.001
7a-OH-campesterol (ng/ 0.06 + 0.02 0.37 £ 0.17 <0.001
mg)
7a-OH-sitosterol (ng/mg) 0.03 £+ 0.01 0.18 + 0.09 <0.001
7p-OH-campesterol (ng/ 0.18 + 0.06 0.42 + 0.08 <0.001
mg)
7p-OH-sitosterol (ng/mg) 0.15 + 0.04 0.55 + 0.21 <0.001
7-keto-campesterol (ng/ 1.33 +£0.26 1.95 + 0.44 <0.001
mg)
7-keto-sitosterol (ng/mg) 2.34 + 0.47 3.95 + 0.89 <0.001
Sum oxycampesterol (ng/ 1.57 £0.31 2.74 + 0.58 <0.001
mg)
Sum oxysitosterol (ng/mg) 2.52 + 0.48 4.68 + 1.04 <0.001
Cholesterol (ug/mg) 10.5+1.5 3.3+£0.6 <0.001
7a-OH-cholesterol (ng/mg) 1.6 + 0.4 0.5+ 0.1 <0.001
7p-OH-cholesterol (ng/mg) 1.8 + 0.5 1.2 +0.4 <0.001
7-keto-cholesterol (ng/mg) 23.6 +£10.0 6.8 £2.6 <0.001
Sum oxysterol (ng/mg) 26.9 £10.3 8.4 +25 <0.001

Values are means =+ SD.
! p-values were calculated by an unpaired Student’s T-test. NS: non-
significant.

campesterol, followed by 7f-sitosterol / campesterol and finally 7a-
sitosterol / campesterol, in both dKO mice and ApoE KO mice. All he-
patic OPS concentrations were higher in dKO compared with apoE KO
mice with the largest increases seen for the 7a-isoforms (~500 %
higher), followed by the 7p-isoforms (~200 % higher) and the 7-keto-
isoforms (~50 % higher) (Fig. 1). In addition, a comparable pattern
for 7-keto-isoforms was seen in liver and in plasma. In liver tissue, the
highest concentration for the 7-keto-isoforms was observed for 7-keto-
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Fig. 1. Oxyphytosterol isoform concentrations in plasma (panel A) and in liver tissue (panel B) in apoE KO mice (N = 16, white bars) and apoEXABCG8 dKO mice (N

= 16, black bars) after 36 weeks low-OPS chow-diet.

sitosterol in dKO mice, followed by 7-keto-sitosterol in apoE KO mice, 7-
keto-campesterol in dKO mice and 7-keto-campesterol in apoE KO mice
(i.e. 3.95—2.34-1.95—1.33 ng/mg). In plasma, this order of magnitude
was comparable for 7-keto-isoforms (i.e. 512-349-282—257 ng/mL). As
displayed in Fig. 1, such a pattern could not be identified for 7a-OH-
isoforms and 7f-OH-isoforms in liver tissue and in plasma. In contrast,
all oxycholesterol isoforms followed a comparable pattern in the same
order of magnitude (range: 36 %-83 %) in plasma and liver tissue in
ApoE KO and dKO mice (data not shown).

In comparison to differences in plant sterol and OPS concentrations,
cholesterol concentrations in plasma, liver and aortic tissue were lower
in dKO mice as compared to apoE KO mice (Tables 2, 4 and 5, p < 0.001)
and the same pattern, i.e. reduced concentrations were seen for oxidized
cholesterol concentrations ((Tables 2, 4 and 5, p < 0.001) at all three
locations. Cholesterol and oxysterol concentrations in brain tissue were
comparable between dKO and apoE KO mice.

4. Discussion

A still unanswered question is whether OPS in plasma originate from
intestinal dietary uptake or from endogenous synthesis. An additional
question is the possible site of oxidation of dietary plant sterols.
Therefore, we evaluated OPS concentrations in apoE(-/-) (KO) mice and
in apoE x ABCG8 double KO (dKO) mice that consumed the same low-
OPS chow diets for 36 weeks. Plant sterol and OPS concentrations

were measured in plasma and tissues, and compared to cholesterol and
oxycholesterol concentrations. The ROS-driven oxidation of cholesterol
was used as reference for sterol oxidation in all compartments. We
demonstrated that despite severely elevated plant sterol concentrations
in plasma, brain, aorta and liver tissue in the dKO mice, OPS levels were
only consistently elevated in liver tissue (Fig. 2). Based on this data we
hypothesize that 1) OPS are primarily formed in the liver and plasma
OPS concentrations originate from hepatic spill-over into the circula-
tion. Alternatively, it is possible that 2) OPS are formed in plasma and
preferentially cleared from the circulation by the liver explaining the
higher hepatic concentrations or 3) OPS are absorbed from the diet and
preferentially taken up by the liver. In contrast, oxysterol concentrations
followed non-oxidized cholesterol concentrations in all tissues in these
mice models.

All mice consumed the same chow diets and — due to the deletion of
ABCGS - plant sterol concentrations, especially those of sitosterol, were
severely elevated in plasma, liver, aortic and brain tissue in the dKO as
compared with the apoE KO mice. However, OPS concentrations were
only elevated in liver tissue in the dKO mice, suggesting that the liver is
the major site of endogenous oxidation. Even though OPS intake from
the chow was extremely low (~28 pg/day), it can also be postulated that
OPS are absorbed from the diet and not excreted back into the interstitial
lumen, resulting in higher hepatic concentrations. Plant sterols are used
as functional food ingredients that effectively lower plasma LDL-C
concentrations. Analogue to cholesterol, plant sterols possess a double
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Fig. 2. Non-oxidized plant sterol, cholesterol and oxy(phytosterol concentrations in the circulation and in brain, aortic and liver tissue in apoExXABCG8 double knock-

out (dKO) mice compared to apoE KO mice.

Values are means + SD. 'P-values were calculated by an unpaired Student’s T-test. NS: non-significant.

bond in their ring structure and are therefore susceptible to oxidation in
allylic position by non-enzymatic processes, such as reactions with
reactive oxygen species and can be oxidized into OPS [9]. It is relevant to
know the origin of plasma OPS, since we have for example previously
shown that plasma OPS concentrations are elevated in (pre)diabetic
patients compared with healthy controls [22] and increased postpran-
dially after the intake of a plant sterol-enriched meal [10]. In addition,
in some studies [23,24], but not all [25], lesion formation increased in
various rodent models after the addition of OPS to the diet or after
intraperitoneal application of OPS in apoE KO mice [26]. Since
non-oxidized plant sterols cannot be synthesized in the human body, the
origin of circulating plant sterol concentrations is evident: they are taken
up in the intestine, transported into the circulation by chylomicrons and
distributed via LDL and other lipoproteins into the various tissues, such
as aortic valve cusps [27]. For circulating OPS concentrations, this
question is more difficult to answer since OPS can theoretically either be
absorbed in the intestine — alongside the plant sterols — or be endoge-
nously formed. Earlier, we have demonstrated in a double-blind ran-
domized study that consumption of plant sterol enriched margarines for
four weeks increased fasting serum plant sterol concentrations without
affecting fasting OPS concentrations [28]. Furthermore, plasma OPS and
non-oxidized plasma plant sterols do not correlate as strongly with each
other as oxysterol and non-oxidized cholesterol [21,28,29], suggesting
that substrate oxidation in the circulation is not the most important
origin of plasma OPS. It is also unlikely that plasma OPS are solely
dependent from intestinal absorption, because dietary levels as well as
the intestinal bioavailability are very low [30,31]. Recently, Lin et al.
[11] have demonstrated that even a high intake of OPS (9-37 mg/d)
every day for a period of 6 weeks resulted in new steady state concen-
trations already after 1 week without any further increase, suggesting
that dietary absorption of OPS occurs but only to a limited extent.

An interesting finding in this experiment are the relative differences
in plasma and hepatic OPS isoforms in dKO compared with apoE KO
mice. Since 7-keto-isoforms are the endproduct of plant sterol oxidation,
concentrations may be higher than those of 7a-OH- and 7f-OH-isoforms,
which we indeed observed both in plasma as well as in liver tissue. In
liver tissue in dKO mice, all OPS isoforms were higher than in ApoE KO
mice and relatively more 7a-OH- and 7p-OH-isoforms were present as
compared to 7-keto-isoforms (increases ~200—500 % compared to ~50
%), which could indicate a preference to form 7a-OH- and 7p-OH-iso-
forms, probably as a first step in the oxidation cascade, in the liver. In
addition, in both mice models the order of magnitude was comparable
for 7-keto-isoforms in plasma and liver tissue, while such a pattern could
not be identified for 7a-OH- and 73-OH-isoforms. Although speculative,
this could suggest that there might be some kind of selective or preferred

spill-over of 7-keto-isoforms from the liver to the circulation.

We also observed that in plasma as well as in aortic and liver tissue,
cholesterol and oxysterol concentrations concentrations were lower in
the dKO mice. Even though lower cholesterol concentrations in the dKO
mice were not expected, this data demonstrates that oxysterol concen-
trations followed non-oxidized cholesterol concentration in plasma and
aortic and liver tissues in our mice models. This observation suggests
that — in contrast to plant sterols — cholesterol was oxidized in all tissues.
Dias et al. demonstrated that plasma oxysterol concentrations follow
cholesterol concentrations in hypercholesterolemic men, where non-
enzymatically oxysterols were elevated but normalized after 3 months
simvastin treatment [32]. In addition, high-cholesterol feeding in rats
resulted in increased hepatic oxysterols that are formed via
non-enzymatic or ROS-driven oxidation [18]. In our data, cholesterol
concentrations in brain tissue are an exception since cholesterol meta-
bolism in the brain is independent from that in peripheral tissues. Due to
the blood-barrier, cholesterol levels in the brain are kept constant [33]
and cholesterol and oxysterol concentration were comparable in both
mice models. It remains to be determined why in the different tissue
oxysterol levels were more related to cholesterol levels than plant sterols
to OPS levels. Although speculative, it could be related to cholesterol —
in contrast to plant sterols — being produced endogenously, which may
increase local tissue oxidation.

An important question is what the pathophysiological meaning is of
our finding that elevated plant sterol concentrations in plasma, aortic
and brain tissue do not necessarily translate to elevated OPS concen-
trations, except for liver tissue. We can only speculate on the patho-
physiological meaning of these elevated OPS concentrations in the liver.
However, if the analogy is made with OS concentrations, then increased
OS levels would negatively impact liver health. Sasaki et al. have shown
that hepatic function was worsened after short-term feeding of OS in rats
[34] and Hur et al. [35] demonstrated the induction of pathological
lesions in rabbit liver tissues after dietary intake of OS. Furthermore, the
addition of dietary 7-ketocholesterol aggravated liver steatosis and
inflammation in a diabetic/obese mouse model [36]. These data show
the impact of elevated OS concentration on the liver and whether such
deleterious effects on the liver can occur increased hepatic OPS con-
centrations warrants further research.

In conclusion, irrespective of whether OPS concentrations result
from hepatic spill over or whether OPS are preferentially cleared by the
liver, future research should determine whether increased hepatic OPS
concentrations are functionally related to health or disease.



S. Baumgartner et al.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements/funding

The project was funded by the Dutch Organization for Scientific
Research (TOP grant No. 91208006).

References

[11
[2]

[3]

[4]
[5]

[6

i

[7

—

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

R.E. Ostlund Jr., Phytosterols in human nutrition, Annu. Rev. Nutr. 22 (2002)
533-549.

J. Plat, R.P. Mensink, Plant stanol and sterol esters in the control of blood
cholesterol levels: mechanism and safety aspects, Am. J. Cardiol. 96 (2005)
15D-22D.

E. De Smet, R.P. Mensink, J. Plat, Effects of plant sterols and stanols on intestinal
cholesterol metabolism: suggested mechanisms from past to present, Mol. Nutr.
Food Res. 56 (2012) 1058-1072.

A.E. van der Velde, G. Brufau, A.K. Groen, Transintestinal cholesterol efflux, Curr.
Opin. Lipidol. 21 (2010) 167-171.

F. Mach, C. Baigent, A.L. Catapano, K.C. Koskinas, M. Casula, L. Badimon, M.

J. Chapman, G.G. De Backer, V. Delgado, B.A. Ference, .M. Graham, A. Halliday,
U. Landmesser, B. Mihaylova, T.R. Pedersen, G. Riccardi, D.J. Richter, M.

S. Sabatine, M.R. Taskinen, L. Tokgozoglu, O. Wiklund, E. S. C. S. D. Group, 2019
ESC/EAS Guidelines for the management of dyslipidaemias: lipid modification to
reduce cardiovascular risk, Eur. Heart J. 41 (2020) 111-188.

J. Plat, D. Mackay, S. Baumgartner, P.M. Clifton, H. Gylling, P.J. Jones, Progress
and prospective of plant sterol and plant stanol research: report of the Maastricht
meeting, Atherosclerosis 225 (2012) 521-533.

R.E. Ostlund Jr., J.B. McGill, C.M. Zeng, D.F. Covey, J. Stearns, W.F. Stenson, C.
A. Spilburg, Gastrointestinal absorption and plasma kinetics of soy Delta(5)-
phytosterols and phytostanols in humans, Am. J. Physiol. Endocrinol. Metab. 282
(2002) E911-916.

R.T. Ras, H. Hiemstra, Y. Lin, M.A. Vermeer, G.S. Duchateau, E.A. Trautwein,
Consumption of plant sterol-enriched foods and effects on plasma plant sterol
concentrations—a meta-analysis of randomized controlled studies, Atherosclerosis
230 (2013) 336-346.

E. Hovenkamp, I. Demonty, J. Plat, D. Lutjohann, R.P. Mensink, E.A. Trautwein,
Biological effects of oxidized phytosterols: a review of the current knowledge, Prog.
Lipid Res. 47 (2008) 37-49.

S. Baumgartner, R.P. Mensink, M. Konings, H.F. Schott, S. Friedrichs, C. Husche,
D. Lutjohann, J. Plat, Postprandial plasma oxyphytosterol concentrations after
consumption of plant sterol or stanol enriched mixed meals in healthy subjects,
Steroids 99 (2015) 281-286.

Y. Lin, W.P. Koppenol, D. Knol, M.A. Vermeer, H. Hiemstra, S. Friedrichs,

D. Lutjohann, E.A. Trautwein, Serum concentration of plant sterol oxidation
products (POP) compared to cholesterol oxidation products (COP) after intake of
oxidized plant sterols: a randomised, placebo-controlled, double-blind
DoseResponse pilot study, Nutrients 11 (2019).

A.J. Brown, W. Jessup, Oxysterols: sources, cellular storage and metabolism, and
new insights into their roles in cholesterol homeostasis, Mol. Aspects Med. 30
(2009) 111-122.

A. Otaegui-Arrazola, M. Menendez-Carreno, D. Ansorena, 1. Astiasaran, Oxysterols:
a world to explore, Food Chem. Toxicol. 48 (2010) 3289-3303.

A. Rimner, S. Al Makdessi, H. Sweidan, J. Wischhusen, B. Rabenstein, K. Shatat,
P. Mayer, 1. Spyridopoulos, Relevance and mechanism of oxysterol stereospecifity
in coronary artery disease, Free Radic. Biol. Med. 38 (2005) 535-544.

L. Iuliano, F. Micheletta, S. Natoli, S. Ginanni Corradini, M. Iappelli, W. Elisei,

L. Giovannelli, F. Violi, U. Diczfalusy, Measurement of oxysterols and alpha-
tocopherol in plasma and tissue samples as indices of oxidant stress status, Anal.
Biochem. 312 (2003) 217-223.

H. Murakami, N. Tamasawa, J. Matsui, M. Yasujima, T. Suda, Plasma oxysterols
and tocopherol in patients with diabetes mellitus and hyperlipidemia, Lipids 35
(2000) 333-338.

A. Samadi, S.Y. Isikhan, A.A. Tinkov, I. Lay, M.D. Dosa, A.V. Skalny, M.

G. Skalnaya, S. Chirumbolo, G. Bjorklund, Zinc, copper, and oxysterol levels in
patients with type 1 and type 2 diabetes mellitus, Clin. Nutr. 39 (2020) 1849-1856.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Journal of Steroid Biochemistry and Molecular Biology 216 (2022) 106039

G. Serviddio, F. Bellanti, R. Villani, R. Tamborra, C. Zerbinati, M. Blonda,

M. Ciacciarelli, G. Poli, G. Vendemiale, L. Iuliano, Effects of dietary fatty acids and
cholesterol excess on liver injury: a lipidomic approach, Redox Biol. 9 (2016)
296-305.

H.F. Schott, S. Baumgartner, C. Husche, A. Luister, S. Friedrichs, C.M. Miller, F.
O. McCarthy, J. Plat, U. Laufs, O. Weingartner, D. Lutjohann, Oxidation of
sitosterol and transport of its 7-oxygenated products from different tissues in
humans and ApoE knockout mice, J. Steroid Biochem. Mol. Biol. 169 (2017)
145-151.

B. Sosic-Jurjevic, D. Lutjohann, K. Renko, B. Filipovic, N. Radulovic, V. Ajdzanovic,
S. Trifunovic, N. Nestorovic, J. Zivanovic, M. Manojlovic Stojanoski, J. Khrle,

V. Milosevic, The isoflavones genistein and daidzein increase hepatic concentration
of thyroid hormones and affect cholesterol metabolism in middle-aged male rats,
J. Steroid Biochem. Mol. Biol. 190 (2019) 1-10.

C. Husche, O. Weingartner, H. Pettersson, T. Vanmierlo, M. Bohm, U. Laufs,

D. Lutjohann, Validation of an isotope dilution gas chromatography-mass
spectrometry method for analysis of 7-oxygenated campesterol and sitosterol in
human serum, Chem. Phys. Lipids 164 (2011) 425-431.

S. Baumgartner, R.P. Mensink, G.R. Haenen, A. Bast, C.J. Binder, O. Bekers,

C. Husche, D. Lutjohann, J. Plat, The effects of vitamin E or lipoic acid
supplementation on oxyphytosterols in subjects with elevated oxidative stress: a
randomized trial, Sci. Rep. 7 (2017) 15288.

Y.T. Liang, W.T. Wong, L. Guan, X.Y. Tian, K.Y. Ma, Y. Huang, Z.Y. Chen, Effect of
phytosterols and their oxidation products on lipoprotein profiles and vascular
function in hamster fed a high cholesterol diet, Atherosclerosis 219 (2011)
124-133.

J. Plat, E. Theuwissen, C. Husche, D. Lutjohann, M.J.J. Gijbels, M. Jeurissen,

R. Shiri-Sverdlov, I. van der Made, R.P. Mensink, Oxidised plant sterols as well as
oxycholesterol increase the proportion of severe atherosclerotic lesions in female
LDL receptor (+/-) mice, Brit J Nutr 111 (2014) 64-70.

H. Tomoyori, Y. Kawata, T. Higuchi, L. Ichi, H. Sato, M. Sato, I. Ikeda, K. Imaizumi,
Phytosterol oxidation products are absorbed in the intestinal lymphatics in rats but
do not accelerate atherosclerosis in apolipoprotein E-deficient mice, J. Nutr. 134
(2004) 2738.

O. Weingartner, C. Husche, H.F. Schott, T. Speer, M. Bohm, C.M. Miller,

F. McCarthy, J. Plat, D. Lutjohann, U. Laufs, Vascular effects of oxysterols and
oxyphytosterols in apoE -/- mice, Atherosclerosis 240 (2015) 73-79.

H.F. Schott, A. Luister, C. Husche, H.J. Schafers, M. Bohm, J. Plat, D. Lutjohann,
U. Laufs, O. Weingartner, The relationships of phytosterols and oxyphytosterols in
plasma and aortic valve cusps in patients with severe aortic stenosis, Biochem.
Biophys. Res. Commun. 446 (2014) 805-810.

S. Baumgartner, R.P. Mensink, C. Husche, D. Lutjohann, J. Plat, Effects of plant
sterol- or stanol-enriched margarine on fasting plasma oxyphytosterol
concentrations in healthy subjects, Atherosclerosis 227 (2013) 414-419.

S. Baumgartner, D. Reijnders, M. Konings, A.K. Groen, D. Lutjohann, G.

H. Goossens, E.E. Blaak, J. Plat, The effects of amoxicillin and vancomycin on
parameters reflecting cholesterol metabolism, Chem. Phys. Lipids 207 (2017)
239-245.

Y. Lin, D. Knol, M. Menendez-Carreno, R. Baris, H.G. Janssen, E.A. Trautwein,
Oxidation of sitosterol and campesterol in foods upon cooking with liquid
margarines without and with added plant sterol esters, Food Chem. 241 (2018)
387-396.

Y. Lin, D. Knol, M. Menendez-Carreno, W.A. Blom, J. Matthee, H.G. Janssen, E.
A. Trautwein, Formation of plant sterol oxidation products in foods during baking
and cooking using margarine without and with added plant sterol esters, J. Agric.
Food Chem. 64 (2016) 653-662.

L.H.K. Dias, I. Milic, G.Y.H. Lip, A. Devitt, M.C. Polidori, H.R. Griffiths, Simvastatin
reduces circulating oxysterol levels in men with hypercholesterolaemia, Redox
Biol. 16 (2018) 139-145.

J. Zhang, Q. Liu, Cholesterol metabolism and homeostasis in the brain, Protein Cell
6 (2015) 254-264.

T. Sasaki, Y. Fujikane, Y. Ogino, K. Osada, M. Sugano, Hepatic function and lipid
metabolism are modulated by short-term feeding of cholesterol oxidation products
in rats, J. Oleo Sci. 59 (2010) 503-507.

S.J. Hur, K.C. Nam, B. Min, M. Du, K.I. Seo, D.U. Ahn, Effects of dietary cholesterol
and its oxidation products on pathological lesions and cholesterol and lipid
oxidation in the rabbit liver, Biomed Res. Int. 2014 (2014).

J.Y. Chang, M. Koseki, A. Saga, K. Kanno, T. Higo, D. Okuzaki, T. Okada, H. Inui,
K. Tanaka, M. Asaji, Y.H. Zhu, Y. Kamada, M. Ono, T. Saibara, I. Ichi, T. Ohama,
M. Nishida, S. Yamashita, Y. Sakata, Dietary oxysterol, 7-Ketocholesterol
accelerates hepatic lipid accumulation and macrophage infiltration in obese mice,
Front. Endocrinol. 11 (2021).


http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0005
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0005
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0010
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0010
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0010
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0015
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0015
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0015
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0020
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0020
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0025
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0030
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0030
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0030
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0035
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0035
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0035
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0035
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0040
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0040
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0040
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0040
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0045
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0045
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0045
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0050
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0050
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0050
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0050
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0055
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0055
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0055
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0055
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0055
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0060
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0060
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0060
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0065
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0065
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0070
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0070
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0070
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0075
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0075
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0075
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0075
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0080
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0080
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0080
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0085
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0085
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0085
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0090
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0090
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0090
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0090
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0095
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0095
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0095
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0095
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0095
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0100
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0100
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0100
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0100
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0100
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0105
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0105
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0105
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0105
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0110
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0110
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0110
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0110
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0115
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0115
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0115
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0115
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0120
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0120
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0120
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0120
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0125
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0125
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0125
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0125
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0130
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0130
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0130
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0135
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0135
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0135
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0135
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0140
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0140
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0140
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0145
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0145
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0145
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0145
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0150
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0150
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0150
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0150
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0155
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0155
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0155
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0155
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0160
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0160
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0160
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0165
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0165
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0170
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0170
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0170
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0175
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0175
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0175
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0180
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0180
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0180
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0180
http://refhub.elsevier.com/S0960-0760(21)00232-6/sbref0180

	Plasma oxyphytosterols most likely originate from hepatic oxidation and subsequent spill-over in the circulation
	1 Introduction
	2 Methods
	2.1 Animals, housing, and diets
	2.2 Cholesterol, plant sterol and oxy(phyto)sterol concentrations
	2.3 Statistics

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Acknowledgements/funding
	References


