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ABSTRACT

Ergosterol (5,7,22-ergostatrien-3B-ol) and ergosteryl derivatives from different genera of edible mush-
rooms were separated and quantified by an isocratic reversed-phase high performance liquid chromatog-
raphy (HPLC) method. The technique allowed a rapid separation of free ergosterol and two ergosteryl
derivatives occurring in mushrooms. The ergosterol content varied considerably depending on the fun-
gus. Thus, the species Agaricus bisporus and Hygrophorus marzuolus presented high quantities of ergos-
terol (6.4-6.8 mg/g, dry matter) followed by Pleurotus ostreatus, Calocybe gambosa, Lentinus edodes, and
Boletus edulis (3.3-4.0 mg/g). In contrast, other species, such as Cantharellus cibarius, Lactarius deliciosus
and Craterellus cornucopioides, contained significantly lower ergosterol amounts (0.2-0.4 mg/g). Two erg-
osteryl derivatives were found in mushrooms and also the content depended on the fungus. The stability
of ergosterol, in terms of the formation of ergosterol peroxide, was evaluated under different storage tem-
peratures and UV radiation. The lower the temperature (—20 °C) and the radiation time (10 min), the

lower ergosterol oxidation was observed.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Edible mushrooms can be viewed as good candidates to be in-
cluded in healthy diets. Besides their unique flavour and sensory
properties, mushrooms provide excellent nutritional and healthy
properties (Guillamoén et al., 2010). On a dry weight basis, mush-
rooms can be considered a good source of proteins, carbohydrates
and dietary fibre (Barros, Baptista, Estevinho, & Ferreira, 2007;
Manzi, Aguzzi, & Pizzoferrato, 2001), in addition to the significant
amounts of bioactive metabolites involved in health promotion
and disease prevention.

Advanced fungi produce ergosterol (5, 7, 22-ergostatrien-3-ol)
as the main sterol, differing from major plant sterols in having two
double bonds within the sterol ring structure instead of one (Mat-
tila, Lampi, Ronkainen, Toivo, & Piironen, 2002). Ergosterol has at-
tracted much attention due to its healthy properties, for instance,
this sterol has shown antioxidant (Shao, Hernandez, Kramer, Rin-
ker, & Tsao, 2010) and anti-inflammatory (Kuo, Hsieh, & Lin,
2011) activities, as well as anti-hyperlipidemic (Hu et al., 2006)
properties. In addition, the ergosterol peroxide has demonstrated
potential anticancer effects (Russo et al., 2010).

Ergosterol is present in two main forms, which are free and
esterified, and the relative abundances would depend on the fungal
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species. Free ergosterol plays an important role in fluidity, perme-
ability, and integrity of the cell membrane; in addition, this mole-
cule seems to be involved in the effects of membrane-bound
proteins associated with nutrient transport and chitin synthesis
(Sturley, 2000). Differently, the ergosteryl esters are stored in the
hydrophobic core of cytosolic lipid particles and play a role in ste-
rol homeostasis (Shobayashi et al., 2005). The relative percentage
of free ergosterol and ergosteryl esters in the cell is regulated by
several factors, including biosynthesis, exogenous uptake, trans-
port and storage. Under certain conditions, ergosteryl esters may
be hydrolyzed to free ergosterol, therefore, they can be viewed as
a source of free ergosterol.

Sterols are commonly quantified by means of gas chromatogra-
phy coupled to mass spectrometry (Abd Malek, Kanagasabapathy,
Sabaratnam, Abdullah, & Yaacob, 2012; Francavilla, Trotta, & Lu-
que, 2010; Kanagasabapathy, Malek, Kuppusamy, & Vikineswary,
2011; Miller, Haubrich, Wang, Snell, & Nes, 2012; Parkinson, War-
ren, & Pawliszyn, 2010; Zhang, Tan, Hu, & Li, 2011). Reversed-
phase liquid chromatography appears to be an advantageous tech-
nique for determining ergosterol content in mushrooms since it
provides a rapid method capable of separating free ergosterol from
the ergosteryl derivatives (Tan et al., 2013). In this work, an iso-
cratic reversed-phase liquid chromatography method is described
for the separation and analysis of free ergosterol and ergosteryl
derivatives occurring in mushrooms. Ergosterol and related com-
pounds have been extracted from the fruiting bodies of 9 different
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mushrooms (Agaricus bisporus, Boletus edulis, Calocybe gambosa,
Cantharellus cibarius, Craterellus cornucopioides, Hygrophorus mar-
zuolus, Lactarius deliciosus, Lentinus edodes and Pleurotus ostreatus).
The free and total ergosterol contents have been quantified and the
stability of ergosteryl extracts has been evaluated under different
storage temperatures and times of UV radiation.

2. Experimental
2.1. Samples

Fruiting bodies of mushrooms (A. bisporus, B. edulis, C. cibarius,
C. cornucopioides, C. gambosa, H. marzuolus, L. deliciosus, L. edodes,
and P. ostreatus) were purchased from local market. The samples
were immediately lyophilized (Telstar Cryodos), and kept at 4 °C
in hermetically vacuum-sealed plastic bags (Tecnotrip) up to
analysis.

2.2. Standards and reagents

Chloroform (99.3%), hexane (98.2%), acetonitrile (99.9%), meth-
anol (99.8%), hydrogen peroxide (31.2%), and sulphuric acid (99%)
were purchased from Prolabo Pestinorm (VWR International).
The ergosterol standard (95%) was purchased from Sigma Chemical
Co. Xylenol orange and ferrous ammonium sulphate (99%) were
obtained from Sigma Chemical Co.

2.3. Isolation and purification of ergosterol and esters

Mushroom samples were freeze-dried and finely milled. Mush-
room powder (0.10 g) was extracted with a chloroform/methanol
mixture (2:1. v/v) by stirring in an ultrasonic bath (X-tra 30 H,
Elmasonic) at 4 °C for 1h as previously described (Villares, Gar-
cia-Lafuente, Guillamén, & Ramos, 2012). The extracted liquid
was then applied to an Oasis MAX (150 mg, Waters) column pre-
conditioned with hexane (8 mL). Sterols and esters were separated
from other lipids by passing chloroform (2 x 3 mL) (Bonzom, Nico-
laou, Zloh, Baldeo, & Gibbons, 1999). The sample was evaporated to
dryness under a nitrogen stream and redissolved in chloroform/
methanol (2:1. v/v). Prior to HPLC analysis samples were filtered
through a 0.20 pm disposable LC filter disk.

2.4. Analysis of ergosterol by liquid chromatography

The extracts were analysed using an Alliance® HPLC system
2695 (Waters) coupled to a photodiode array detector 2998
(Waters). Separation was achieved on a Symmetry reverse phase
Cig column (Waters, 3.5 um, 75 x 4.6 mm) thermostatted at
25°C. A solvent system consisting of 75% acetonitrile and 25%
methanol was used in an isocratic mode. The solvent flow rate
was 1.5 mL/min and the injection volume was 10 pL. Ergosterol
was identified on the basis of the retention time of the standard
and the quantification was achieved by the absorbance recorded
at 280 nm relative to the external standard. The calibration curve
showed a high degree of linearity (1% > 0.999).

2.5. Ergosterol extracts stability

For the temperature stability experiments, 1 mL of mushroom
extracts were placed into test tubes and stored in darkness at room
temperature (25 °C), refrigerated (4 °C) and frozen (—20 °C). The
irradiation with UV light was performed on mushrooms extracts
(1 mL) to 240-420 nm (Vilber Lourmat Iluminator, Marne La Vallee
Cedex 1, France) for 10, 30 and 60 min. The irradiation source was

placed 10 cm away from samples in a dark chamber. All irradiation
experiments were performed at 25 °C.

The oxidation products were detected by incubation of the trea-
ted extracts (500 pL) with FOX (200 pL). FOX reagent was prepared
by mixing the appropriate volume of xylenol orange, ferrous
ammonium sulphate and H,SO4 to give final concentrations of
100 uM, 250 uM and 25 mM, respectively, in a volume of 2 mL as
previously described (Gay, Collins, & Gebicki, 1999). The presence
of peroxides is detected by the oxidation of Fe (II) to Fe (IIl), which
reacts with xylenol orange forming a coloured complex. Samples
were incubated for 30 min in the dark and the absorbance was read
at 595 nm with xylenol orange reagent as blank. Hydrogen perox-
ide was used to calculate the standard curve (1? > 0.998) for perox-
ide equivalents.

2.6. Statistical analysis

All analyses were performed in triplicate, and the results are ex-
pressed as the mean and the standard deviation (SD). The signifi-
cant differences among samples were determined using a one-
way ANOVA test. A post hoc Tukey’s test was also conducted to
establish the differences among mean values. All statistical analy-
ses were performed using SPSS 15.0 and the threshold p-value cho-
sen for statistical significance was p < 0.05.

3. Results and discussion

Ergosterol and ergosteryl derivatives in mushrooms were sepa-
rated and quantified by high performance liquid chromatography
(HPLC). Liquid chromatography allowed the separation and quanti-
fication of free ergosterol and ergosteryl derivatives simulta-
neously. Fig. 1 shows the representative chromatograms when
the crude sterol fraction was injected into a column Cy5 eluted with
acetonitrile:methanol (75:25 v/v).

The method allowed the separation of ergosterol from its deriv-
atives in a short period of time and employing an isocratic eluent.
The chromatograms from the studied mushrooms revealed the
presence of three peaks. Ergosterol, identified by comparison of
the retention time and the absorption spectrum of the standard
solution, eluted at 6.5 min. The peaks at 2.9 and 8.9 min presented
similar absorption features to free ergosterol; therefore, these
peaks may be identified as ergosteryl derivatives. The HPLC analy-
sis after saponification with freshly methanolic KOH solutions at
80 °C for 1 h confirmed the identification as ergosterol derivatives
because the peaks disappeared and ergosterol response increased.

The analytical parameters of the method were previously deter-
mined (Villares et al., 2012). As ergosteryl derivatives showed sim-
ilar absorption spectrum and were eluted under the same
chromatographic conditions, the analytical parameters (calibration
curve, LOD, LOQ, repeatability and reproducibility) were consid-
ered to be those from free ergosterol. Table 1 reviews the free
ergosterol contents of the studied fungal species. As Table 1 shows,
all mushrooms contained ergosterol and the content was signifi-
cantly different depending on the fungi. H. marzuolus and A. bispo-
rus showed the greatest contents (6.81-6.42 mg/g) followed by B.
edulis, L. edodes, C. gambosa, and P. ostreatus (4.00-3.31 mg/g). In
contrast, the concentration of ergosterol in C. cibarius, L. deliciosus,
and C. cornucopioides was below 1 mg/g (dry matter). Our results
agreed with previous analysis of ergosterol in mushrooms from
the same genera, for instance, A. bisporus has been extensively
studied and ergosterol content ranges from 2.04-7.80 mg/g (Jasin-
ghe & Perera, 2005; Shao et al., 2010). L. edodes has been also a
mushroom of research and ergosterol is present at 2.02-6.80 mg/
g (Perera, Jasinghe, Ng, & Mujumdar, 2003; Yuan, Kuang, Wang,
& Liu, 2008). The cultivated mushrooms from the genus Pleurotus
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Fig. 1. HPLC chromatograms of ergosterol and derivatives isolated from nine edible
mushrooms: A. bisporus, B. edulis, C. gambosa, C. cibarius, C. cornucopioides, H.
marzuolus, L. deliciosus, L. edodes and P. ostreatus.

Table 1

Content of free ergosterol in the studied mushrooms expressed in mg of ergosterol
per gram of dried mushroom. Results are expressed as mean + standard deviation
(n=3). Values within columns with different letters are significantly different
(p<0.05).

Sample Free ergosterol (mg/g)

A. bisporus 6.422 +0.15
B. edulis 4.00° +0.53
C. cibarius 0.23¢ +0.01
C. conucopioides 0.44°¢ +0.00
C. gambosa 3.61° +0.18
H. marzuolus 6.817 +0.72
L. deliciosus 0.32¢ +0.02
L. edodes 3.64° +0.02
P. ostreatus 3.31° £0.17

present similar contents, for instance P. ostreatus and P. cystidus
contain 4.40 and 4.35 mg/g of free ergosterol, respectively. Wild
species also show significant ergosterol concentrations, for in-
stance, B. edulis have 5.18 mg/g, C. cibarius 2.06 mg/g, C. tubaefor-
mis 3.82 mg/g, and L. trivialis 3.03 mg/g (Mattila et al.,, 2002;
Teichmann, Dutta, Staffas, & Jagerstad, 2007).

Apart from free ergosterol, released from the fungal cell mem-
brane, the ergosteryl esters sequestered in cytosolic lipid particles
(Shobayashi et al., 2005) contribute to the total ergosterol content
determined by the above authors. The presence of ergosteryl esters
is not commonly described in literature because sterols are sapon-
ified in order to quantify the total ergosterol content. Nevertheless,

some mushrooms have been a matter of research and ergosteryl
esters have been detected in species such as Agrocybe aegerita,
Cordyceps sinensis, Ganoderma lucidum, L. edodes and Termitomyces
albuminosus (Gonzalez, Leon, Rivera, Munoz, & Bermejo, 1999;
Yuan, Wang, Liu, Kuang, & Zhao, 2007; Yuan et al., 2008; Ziegen-
bein, Hanssen, & Konig, 2006). Fig. 2 shows the total ergosterol
content in terms of free ergosterol and ergosteryl derivatives con-
centrations occurring in the studied mushrooms.

Two different ergosteryl derivatives were found in the studied
mushrooms and the distribution significantly depended on the
fungal species. The ergosterol derivative eluting at 2.9 min
(Fig. 1) seemed to be a polar derivative, such as a polyhydroxy
ergosterol glucoside or ergosterol glucoside, since it eluted earlier
than free ergosterol, as previously described for truffles (Villares
et al., 2012). Differently, the ergosterol derivative eluting at
8.9 min was expected to be a less polar compound, probably an
esterified fatty acid or an aliphatic alcohol attached to the ergos-
terol structure. Differences between relative abundances of free
to esterified ergosterol have been previously described among var-
ious fungal species (Yuan et al., 2007). Within the studied mush-
rooms, the ergosteryl derivative detected at 2.9 min was found in
all genera excepting A. bisporus. The content varied between fungal
species; thus, P. ostreatus and H. marzuolus contained the highest
concentrations (0.635-0.534 mg/g) followed by C. cornucopioides
(0.295 mg/g). In contrast, L deliciosus, C. gambosa, C. cibarius, B. edu-
lis and L. edodes showed lower content (0.227-0.162 mg/g). Con-
trary, the ergosteryl derivative eluting at 8.9 min, presumably
less polar than the former, was exclusively detected in the mush-
room species A. bisporus, B. edulis, C. gambosa, L. edodes and P. ostre-
atus. The highest concentrations were found in P. ostreatus and A.
bisporus (1.024-0.978 mg/m) whereas the other mushrooms con-
tained significantly lower amounts (0.334-0.287 mg/g).

Taking into account the total ergosterol content, A. bisporus and
H. marzuolus showed the greatest values (7.40-7.34 mg/g) as well
as free ergosterol content. The fungal species containing from
4.10 to 4.96 mg/g of total ergosterol (C. gambosa, L. edodes, B. edulis
and P. ostreatus) presented both derivatives and a free ergosterol
concentration from 3.31 to 4.00 mg/g. Differently, the mushrooms
with low free ergosterol content (0.41-0.74 mg/g), such as C. ciba-
rius, L. deliciosus and C. cornucopioides, did not contain the less po-
lar derivative and the total ergosterol content was significantly
lower than the content in other species.
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Fig. 2. Concentrations of ergosterol and ergosteryl derivatives in nine edible
mushrooms: A. bisporus, B. edulis, C. gambosa, C. cibarius, C. cornucopioides, H.
marzuolus, L. deliciosus, L. edodes and P. ostreatus, expressed as mg per gram of dried
mushroom. Vertical bars indicate the standard deviation.
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Fig. 3. Influence of the storage temperature on the stability of ergosterol extracts
from mushrooms: A. bisporus, B. edulis, C. gambosa, C. cibarius, C. cornucopioides, H.
marzuolus, L. deliciosus, L. edodes and P. ostreatus, expressed as peroxide equivalents.
Vertical bars indicate the standard deviation.

Ergosterol is a rather unstable molecule and can be oxidized or
photoxidized into ergosterol peroxide upon cell death (Krzyczkow-
ski et al., 2009; Parsi & Gorecki, 2006). Despite being an oxidation
product, several studies have shown that ergosterol peroxide may
contribute to the potential health benefits and pharmacological
activities (Russo et al., 2010; Zheng, Si, & Wong, 2009). The stability
of ergosterol, in terms of the formation of ergosterol peroxide, was
evaluated under different conditions. Firstly, the influence of stor-
age temperature was studied. For that purpose, the extracts con-
taining ergosterol and esters were stored for 4 h at three different
temperatures: 25 °C, 4 °C and —20 °C. Fig. 3 shows the evolution
of peroxide equivalents formation under these conditions.

All the mushrooms extracts underwent a greater oxidation as
the temperature increased. At 25 °C, the formation of peroxides
varied depending on the fungal species. Hence, extracts from C.
cornucopioides and L. deliciosus presented the highest levels of per-
oxide equivalents followed by C. cibarius, A. bisporus and P. ostrea-

8,0x10°
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tus. Surprisingly, the most oxidized genera were those containing
the lower total and free ergosterol and those where the less polar
ester was not detected. Other authors proposed that the ergosteryl
esters were more stable than free ergosterol (Yuan et al., 2008),
which could justify the lower oxidation of extracts containing this
less polar derivative. As the storage temperature decreased, the dif-
ferences between mushrooms became less marked and at —20 °C,
the oxidation of the extracts from C. gambosa, L. edodes, H. marzu-
olus, and B. edulis was negligible.

Ergosterol undergoes photolysis when exposed to UV light
(280-320nm) to yield a variety of photoirradiation products
including previtamin D,, tachysterol and lumisterol (Mattila
et al.,, 2002). UV exposure of ergosterol has been widely studied
(Jasinghe and Perera, 2005; Teichmann et al., 2007); however,
the formation of ergosterol peroxides under UV light is scarcely de-
scribed (Trigos & Ortega-Regules, 2002). Peroxide formation was
studied by photoirradiating the mushroom extracts with UV light.
Fig. 4 shows the peroxide equivalents formed after radiation for 10,
30 and 60 min.

As Fig. 4 plots, UV radiation produced a clear oxidation of ergos-
terol, even after 10 min of radiation. The mushroom C. cornucopio-
ides reached the maximum oxidation at 10 min, and longer times
did not produce significant changes. Similarly, L. deliciosus was
highly oxidized under UV light and radiation for 60 min did not
produced changes from 30 min. This behaviour was also observed
in A. bisporus and H. marzuolus, although the oxidation extent was
lower. The rest of species became less oxidized and the formation
of peroxides was influenced by the exposure time.

4. Conclusions

Ergosterol and ergosteryl derivatives can be separated and
quantified by means of HPLC coupled to a photodiode array detec-
tor. Reversed-phase liquid chromatography provided an accurate
method and allowed separation in less than 10 min, representing
an almost ten-fold reduction of analysis time when compared to
conventional gas chromatography methods. The ergosterol content
ranged from 0.23 to 6.81 mg per gram of dried matter. Storage at
—20°C seemed to be an appropriate for ergosterol extracts from
mushrooms because these conditions decreased the ergosterol
oxidation.
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