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Phytosterols and their oxidation products have become increasingly investigated in recent years with
respect to their roles in diet and nutrition. We present a comprehensive review of recent literature on
Phytosterol Oxidation Products (POP) identifying critical areas for future investigation. It is evident that
POP are formed on food storage/preparation; are absorbed and found in human serum; do not directly
affect cholesterol absorption; have evidence of atherogenicity and inflammation; have distinct levels of
cytotoxicity; are implicated with high levels of oxidative stress, glutathione depletion, mitochondrial dys-
function and elevated caspase activity.
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1. Introduction

Phytosterols are natural products which the past decade has
seen a marked increase in their incorporation into nutraceutical
formulations and diet. Phytosterols are commonly added to

* Corresponding author.
E-mail address: f.mccarthy@ucc.ie (F.0. McCarthy).

http://dx.doi.org/10.1016/j.bbrc.2014.01.148
0006-291X/© 2014 Elsevier Inc. All rights reserved.

fortified foods as a phytosterol blend for economic reasons con-
taining (but not limited to) B-sitosterol, stigmasterol, campesterol
and dihydrobrassicasterol (Fig. 1). Although proven to exert health
benefits via the lowering of low density lipoprotein cholesterol
concentrations, the phytosterols are not without their problems
due to their oxidative susceptibility.

Because of their inherent molecular structure, and close struc-
tural similarity to cholesterol, phytosterols are susceptible to


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.01.148&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.01.148
mailto:f.mccarthy@ucc.ie
http://dx.doi.org/10.1016/j.bbrc.2014.01.148
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

Y. O’'Callaghan et al./Biochemical and Biophysical Research Communications 446 (2014) 786-791 787

oxidation to form hydroxy, epoxy, keto and triol derivatives which
are collectively known as Phytosterol Oxidation Products (POP,
Fig. 2). These derivatives have diverse biological functions of emi-
nent interest to clinicians and this review will focus on the most
recent developments in the POP field since the excellent review
by Garcia-Llatas. [1]

2. Oxidation of phytosterols

Sterol autoxidation is oxidation of the steroid nucleus in an
adventitious manner through storage, processing and preparation
of foodstuffs whereas enzymatic oxidation is the biotransforma-
tion of phytosterols to their oxides via enzymatic pathways
in vivo. POP may be generated in vivo through non-enzymatic oxi-
dation of phytosterols as has been demonstrated for cholesterol [2]
or by enzymatic oxidation [3]. Enzymatic activity of the intestinal
microflora has been shown to result in the formation of cholesterol
oxidation products (COP) [4] and could also result in POP forma-
tion in vivo. However, Grandgirard et al. [5] demonstrated that
the plasma levels of sitostanetriol and campestanetriol were not
increased following a 4 week feeding trial with a diet containing
1% phytosterol in rats. The authors concluded that the triol deriv-
atives of phytosterols are not synthesised in vivo and it is highly
probable that the presence of these compounds in vivo results from
dietary origin. Similarly, there was no increase observed in the
plasma levels of 7o-hydroxy or 7p-hydroxy derivatives in ham-
sters, following the consumption of stigmasterol or B-sitosterol-
enriched diets [6].

3. Synthesis of POP

Significant steps have been taken towards the development of
pure standards with a number of routes now published. A total
synthesis approach was used in order to explore the chemistry of
dihydrobrassicasterol and campesterol with concomitant synthesis
of their oxides (Scheme 1) [7-9]. A similar route was chosen for the
stigmasterol oxides from commercially available stigmasterol [10].

A different strategy for the synthesis of POP from a phytosterol
mixture was recently described using semi-preparative HPLC as
the purification method [11]. To this end, a mixture of phytosterols
including avenasterol, brassicasterol, campesterol and B-sitosterol
was converted to a complete mixture of POP which were assessed
by chromatography and separated into their individual compo-
nents. Four individual phytosterol oxides are reported as proof of
this strategy: 7-ketocampesterol, 7-keto-B-sitosterol, 7-p-OH-cam-
pesterol and 7-B-OH-B-sitosterol.

4. Content of POP in foods

Phytosterol enriched foods are increasingly common in mar-
keted products; analysis of the phytosterol content and stability
over time is an essential measure to ensure product safety. A recent
assessment of phytosterol enriched dark chocolate over a 5 month
period of storage using sensory analysis and GCMS compared a for-
mulation with palm oil, one with phytosterol esters and one with
phytosterol esters and antioxidants [12]. Chemical analysis of the
samples revealed the following: hydroperoxide concentrations
peaked at 60 days for the samples held at 20 °C whereas in the
samples held at 30°C, the POP peaked at 30 days; antioxidants
used (ascorbic acid and a-tocopherol) had little effect on storage
outcome; the most commonly identified were 7-hydroxy, 7-keto,
epoxides and triols with campesterol appearing the most
susceptible.

Another recent study identified the degradation of phytosterols
on storage over an 18 week period in an open environment. Rud-
zinska et al. [13] used GC and GCMS in order to quantify the phy-
tosterol content of enriched margarines and identified that the
phytosterol/phytostanol content dropped on storage at 4 and
20°C from 7.9% to 6.3 and 5.5% respectively. In addition an in-
crease in POP was seen for both temperatures with twice the origi-
nal levels seen after storage at 20 °C. The most common oxidation
product was seen to be the 7-hydroxy, followed by 7-keto and 5,6-
epoxide. There is an obvious trend for loss of sterol/stanol content
and formation of POP on storage at higher temperatures.

Cholesterol Dihydrobrassicasterol
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Fig. 1. Structures of cholesterol and common phytosterols.
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Fig. 2. Formation and general structure of the common oxides of cholesterol and phytosterols.
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Scheme 1. A common route to the synthesis of phytosterol oxides.

5. Content of POP detected in human serum

A validated method for the analysis of 7-oxyphytosterols has
been described via isotope dilution GCMS [14]. The limits of detec-
tion and quantification reported (7 and 23 pg/mL) are a significant
improvement and allows for studies of minute quantities of POP.
Use of this method (which incorporates sample preparation with
BHT to avoid auto-oxidation) has allowed for analysis of oxyphy-
tosterols in sixteen subjects consuming a plant sterol enriched
margarine for 1 month. The study shows an increase of 7-3-OH-
B-sitosterol and correlates the levels of campesterol with the total
7-oxycampesterol levels and B-sitosterol with the total 7-oxy-p-
sitosterol levels.

In a study designed to establish the factors affecting human
plasma oxysterol variations, Baumgartner et al. [15] set out to
measure oxyphytosterols in forty-three subjects during a random-
ized trial for 4 weeks while consuming a control, plant sterol or
plant stanol margarine. Plasma concentrations measured by GCMS
indicated that despite consumption profile, B-sitosterol and cam-
pesterol concentrations did not correlate with oxyphytosterol con-
centration and that the concentration of oxyphytosterols remained
stable over time. A key finding however is that concentration of
oxycampesterols is reduced on consumption of a stanol diet, in
particular 7-p-OH-campesterol and 7-ketocampesterol.

Mechanism of oxidation did not directly correlate with oxyphy-
tosterol concentration but there appears to be a distinctive profile
for individual subjects with a number of low and high oxidizers
classified [16]. This oxidizing profile is not attributed to levels of
a-tocopherol, TEAC, iron, ferritin, transferrin, copper or ceruloplas-
min despite an evident correlation with oxLDL concentrations sug-
gesting an as yet undefined relationship with oxidative stress.

Development of a 2D GCMS method for the analysis of ten POP
(7-a, 7-p OH and 7-keto phytosterols) present at low levels in plas-
ma has enabled some other POP derivatives to be uncovered (6-OH,

epoxy and triols). The use of GC x GC separation allows for better
selectivity of analysis with pg/mL limits of detection [17].

6. Absorption and distribution of POP

The absorption and distribution of POP from the diet has been
assessed in a number of rodent models and the findings were pre-
viously reviewed [1,18,19]. Generally, the absorption of POP is
higher than that of unoxidised phytosterol [20,21]. The oxides with
the highest recovery in lymph were found to be the 7a-hydroxy
and 7B-hydroxy derivatives and the absorption of epoxy and 7-
keto derivatives was significantly lower. Importantly, studies show
that campesterol oxides were absorbed better than sitosterol oxi-
des possibly due to structural differences [21].

POP distribution following prolonged feeding trials (2-9 weeks)
has been investigated in mice and hamsters. Hamsters fed a diet
containing B-sitosterol and campesterol oxides (0.01%, 0.05% or
0.25%) over a 2 week period demonstrated a dose dependent in-
crease in the POP content of each of the plasma, aorta, liver, kidney
and heart at the two higher POP concentrations [22]. 7-Ketositos-
terol was the POP present at highest concentrations in the diet
but was not detected at highest concentrations in the tissues indi-
cating either a low uptake or rapid metabolism [5,20]. With the
exception of plasma, the POP detected at highest concentrations
in each of the tissues was sitostanetriol and authors postulated
that the metabolism of sitostanetriol is slow.

An increase in the POP content of the serum, liver and aorta was
also observed in apolipoprotein-E deficient mice fed a 0.02% POP
diet for 9 weeks. The POP at highest concentrations in the diet were
7-keto derivatives of campesterol and B-sitosterol and the POP at
highest concentrations in tissues were 7p-hydroxy derivatives
[21]. Bang et al. [23] fed a diet containing 0.02% POP to C57BL/6]
mice for 4 weeks. Again, 7-keto derivatives were present at highest
concentrations in the feed while the POP present at highest
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concentrations in the plasma and liver were 7a-hydroxy and 78-
hydroxy.

7. Effect of POP on cholesterol uptake and metabolism

Elevated plasma cholesterol levels are a contributing factor to
the development of atherosclerosis. The widely accepted explana-
tion for the cholesterol lowering effects of phytosterols is their
competition for incorporation into micelles, however they may
also reduce cholesterol absorption through regulation of the pro-
teins and enzymes involved in cholesterol uptake and metabolism
[24]. Recent studies have investigated the ability of phytosterols
and POP to alter the expression of several cholesterol metabolising
proteins and enzymes in hamsters fed a diet containing 0.1% of
either B-sitosterol, B-sitosterol oxides, stigmasterol or stigmasterol
oxides [6] and in Caco-2 intestinal epithelial cells exposed to
7-ketostigmasterol or 7-ketocholesterol [25].

Liang et al. [6] found that cholesterol absorption was decreased
and that plasma levels of low-density lipoprotein cholesterol and
triglycerides were reduced in hamsters fed the phytosterol diets
but not in hamsters fed the POP diets. Further investigation re-
vealed that in the former there was a reduction in the expression
of intestinal acyl CoA: cholesterol acyl transferase (ACAT, esterifies
cholesterol within the enterocyte), and microsomal triglyceride
protein (MTP, facilitates the packaging of cholesterol into chylomi-
crons). The expression of ABCG5, which controls the efflux of cho-
lesterol from the enterocyte, was reduced in hamsters fed both
diets. No alteration was observed in the expression of Niemann-
Pick C1-like 1 (NPC-1L1), a transporter protein which facilitates
the absorption of micellular cholesterol and other sterols from
the intestinal lumen, in hamsters fed either the phytosterol or
POP diets. Alemany et al. [25] confirmed that POP do not alter
the expression of NPC-1L1, observing no change in the expression
of NPC-1L1 in Caco-2 cells incubated with 60 uM 7-ketostigmas-
terol. A decrease in the expression of cholesterol efflux transport-
ers, ABCG5 and ABCG8, was observed.

The consumption of a POP enriched diet in hamsters (0.1% B-
sitosterol oxides or 0.1% stigmasterol oxides) resulted in a down-
regulation of sterol element binding protein 2 (SREBP-2) which is
activated in response to low sterol status and promotes genes
including low-density lipoprotein receptor (LDLR), responsible for
the removal of LDL-cholesterol from blood, and 3-hydroxy-3-
methylglutary-CoA (HMG-CoA) reductase, which is the rate limit-
ing enzyme in cholesterol synthesis [6]. A decrease in LDLR and
HMG-CoA reductase expression was also observed in hamsters
consuming the stigmasterol oxide enriched diet but not the B-
sitosterol oxide enriched diet. In contrast, Alemany et al. [25] found
the expression of HMG-CoA reductase was increased in Caco-2
intestinal cells exposed to 7-ketostigmasterol which could result
in increased cholesterol synthesis. Overall, it would appear that
phytosterols regulate cholesterol absorption by decreasing esterifi-
cation within the enterocyte, reducing the packaging of cholesterol
into chylomicrons and that POP do not possess any cholesterol-
lowering activity.

Liver x receptor oo (LXRat) has been highlighted as a target for
the reduction of cholesterol absorption and proposed benefits of
LXR agonists include potential therapies for atherosclerosis, diabe-
tes and cancer [26]. LXRa upregulates ABCG5 and ABCG8 and
causes an efflux of cholesterol and phytosterols to the intestinal lu-
men. Oxysterols and phytosterols but not POP have previously
demonstrated the capacity to activate LXRo [27].

8. POP and atherosclerosis

Studies have investigated if POP, similar to COP, have a role in
the formation of atherosclerotic plaques. Tomoyori et al. [21] found

that the size of atherosclerotic lesions did not increase in apolipo-
protein E-deficient mice after a 9 week consumption of a diet en-
riched with POP and concluded that POP are not involved in the
pathogenesis of atherosclerosis. Plat et al. [28] also found that fol-
lowing a 35 week consumption of a POP enriched diet there was no
increase in lesion size but the proportion of severe atherosclerotic
lesions was increased in LDLR +/- mice, a model for human mild
hypercholesterolemia. A phytosterol enriched diet reduced athero-
sclerotic plaque formation and improved the functionality of the
aorta in hamsters but these benefits were not observed for ham-
sters fed a POP enriched diet [6]. Yang et al. [29] found that a mixed
oxide derivative of B-sitosterol attenuated vasorelaxation, a marker
of vascular endothelial health, in isolated rat aorta indicating that
POP may impair the functionality of the aorta. The attenuation of
vasorelaxation was associated with an increase in the production
of reactive oxygen species (ROS) and an upregulation of COX-2.
Therefore, some evidence exists for the potential atherogenicity
of POP.

9. POP and inflammation

Inflammation, which is characterised by elevated levels of
inflammatory cytokines, is associated with diseases including Alz-
heimer’s disease and cardiovascular disease. The 7B-epimers of 7-
hydroxysitosterol were found to have a greater inhibitory effect on
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflamma-
tion than the 7a-epimer when topically applied to the mouse ear
[30]. Vejux et al. [31] found that 7B-hydroxysitosterol did not affect
the secretion of pro-inflammatory cytokines, monocyte chemotac-
tic protein-1 (MCP-1) or interleukin-8 (IL-8) and 7-ketositosterol
caused a decrease in IL-8 secretion, in U937 cells. Similarly, Plat
et al. [28] found no change in serum concentrations of MCP-1
and tumour necrosis factor-o. (TNF-at) in response to the consump-
tion of a POP enriched diet, in mice. However, an increase in the
production of the pro-inflammatory cytokines, TNF-oo and IL-8
was observed in human colon adenocarcinoma (Caco-2) cells ex-
posed to 60 uM 7-ketostigmasterol [25]. The authors suggested
that the increase in TNF-oo may have important consequences as
it affects the integrity of the intestinal epithelium [32].

10. POP and cytotoxicity

Adcox et al. [33] first demonstrated that POP were cytotoxic to
cells in culture with higher concentrations of POP required to elicit
similar effects to COP. Vejux et al. [31] found that POP had no COP-
like side effects in U937 cells, when similar concentrations were
compared. Recent advances have allowed for the generation of
pure oxides of phytosterols and the cytotoxicity of B-sitosterol oxi-
des [19]; stigmasterol oxides [10]; dihydrobrassicasterol (95% pur-
ity) oxides [7]; and campesterol/dihydrobrassicasterol (67/33%
mixture) oxides [8] have been investigated. Several POP have dem-
onstrated cytotoxicity in a number of cell lines and the mechanism
of cell death induced by POP included apoptosis.

The highest levels of apoptosis were found in cells exposed to -
sitosterol oxides, followed by campesterol oxides, stigmasterol oxi-
des and dihydrobrassicasterol oxides, where equivalent oxides
were compared. The triol derivatives were found to be the most
cytotoxic but, in general, the 78-hydroxy and 7-keto derivatives in-
duced the highest levels of apoptosis, in U937 cells [7,8,10,19]. No-
vel derivatives of stigmasterol, 5,6,22,23-diepoxystigmastane and
5,6-epoxystigmasta-22S,23S-diol were notable for the high levels
of apoptosis induced in U937 cells at relatively low (30 nM) con-
centrations [10].

The ability of a compound to induce apoptosis selectively in
cancer cell lines is a useful indicator of the compounds potential
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chemotherapeutic effects. The naturally occurring POP, 7a-hydrox-
ysitosterol, extracted from the tropical plant Chisocheton tomento-
sus was found to be selectively cytotoxic, inducing cell death in
three cancer cell lines (MCF-7; HSC-4; HepG2 cells) but not in a
normal cell line (HMEC). Once triggered, apoptosis may progress
via a number of pathways. The pathway of POP-induced apoptosis
has not been widely studied, although the early stages of apoptosis
have been linked to the generation of an oxidative stress [34].

11. Oxidative stress

An increase in superoxide production was found in response to
all the B-sitosterol oxides investigated (7-keto, 7p-hydroxy, 7a-hy-
droxy, 6a-hydroxy-3-keto/6p-hydroxy-3-keto) in HepG2 cells and
malondialdehyde was increased in response to exposure to two
of the oxides (7-keto and 7a-hydroxy). Although all oxides were
found to be cytotoxic only the 7-keto derivative induced apoptosis
[35]. Ryan et al. [19] also demonstrated that although B-sitosterol
oxides were cytotoxic to HepG2 cells they did not induce apopto-
sis. Maguire et al. [36] did not observe any alteration in the activity
of the cellular antioxidant enzyme catalase in response to incuba-
tion with B-sitosterol oxides in U937 cells but apoptosis was in-
duced. Apoptosis induced by 7p-hydroxysitosterol was not
associated with the generation of ROS in Caco-2 cells, however
cytotoxicity was reduced in the presence of the antioxidant vita-
min C [37]. In contrast, Ryan et al. [19] found that the antioxidants
a-tocopherol, y-tocopherol and B-carotene afforded no protection
against the apoptosis induced by B-sitosterol oxides. These antiox-
idants also did not protect against apoptosis induced by stigmas-
terol oxides with the exception of epoxydiol-stigmasterol [10].

A depletion of the antioxidant protein, glutathione, has been
identified as one of the early events in COP induced apoptosis
[38]. Maguire et al. [36] observed a decrease in glutathione at the
12hr timepoint following incubation of U937 cells with a mixed
B-sitosterol oxide. Ryan et al. [19] found that of the five oxidised
derivatives of B-sitosterol investigated, only 7B-hydroxysitosterol
induced a depletion of glutathione and correspondingly, this oxide
also induced the highest level of apoptosis. All of the stigmasterol
oxides capable of inducing apoptosis (7B-hydroxy, epoxydiol and
diepoxide derivatives) also caused a depletion of glutathione fol-
lowing a 24 h incubation in U937 cells [10].

12. Mitochondrial dysfunction in POP induced apoptosis

The loss of mitochondrial transmembrane potential, which may
occur as a result of glutathione depletion and oxidative stress [39],
results in the release of cytochrome c to the cytosol and the activa-
tion of proteases and enzymes which execute the apoptotic process
[40]. Roussi et al. [37] observed a loss of mitochondrial transmem-
brane potential and a release of cytochrome c but no change in the
apoptotic regulating proteins, Bcl-2 and Bax, during the incubation
of Caco-2 cells with 7B-hydroxysitosterol. Tasyriq et al. [41]
observed a downregulation of the extracellular signal-regulated
kinase (ERK1/2) pathway, an increase in Bax protein and a decrease
in Bcl-2 protein in MCF-7 cells exposed to 7a-hydroxysitosterol.
Alemany et al. [25] also found a decrease in mitochondrial trans-
membrane potential in Caco-2 cells exposed to 60 ptM 7-ketostig-
masterol and there was a decrease in the Bcl-2 content of U937
cells incubated with stigmasterol oxides [10].

13. Caspases

Caspase-3, a cysteine protease, is a point of convergence for
most apoptotic pathways and is generally regarded as the execu-
tioner of apoptosis. An increase in caspase-3 activity has been

observed in U937 cells following incubation with three apoptotic
stigmasterol oxides [10] and dihydrobrassicasterol oxides [7].
Tasyriq et al. [41] demonstrated that 7a-hydroxysitosterol caused
a reduction of procaspase-9, procaspase-3 and procaspase-6 in
MCF-7 cells. This investigation into the apoptotic pathway elicited
by POP found that the pathway involved an increase in FasL, an
inactivation of ERK1/2 and a dysregulation of the Bax/Bcl-2 ratio
resulting in the cleavage of procaspase-9, -3 and -6 into their effec-
tor caspases. A depletion of glutathione and the loss of mitochon-
drial transmembrane potential also appear to be a common feature
of POP-induced apoptosis [10,37]. Further study is required to
determine the precise pathway of POP-induced apoptosis.

14. Current perspective

This review encapsulates the ongoing scientific quest to ascribe
biological properties to phytosterol oxides. Though progress is
clearly evident, it is obvious that POP require substantial future
investigation to (i) elucidate their specific effects on human health;
(ii) develop effective methods to measure their provenance and;
(iii) minimise their production in foods and in vivo.
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