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Bioavailability of vitamin D2 from UV-B-irradiated
button mushrooms in healthy adults deficient in
serum 25-hydroxyvitamin D: a randomized
controlled trial
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Background/Objectives: Mushrooms contain very little or any vitamin D2 but are abundant in ergosterol, which can be
converted into vitamin D2 by ultraviolet (UV) irradiation. Our objective was to investigate the bioavailability of vitamin D2 from
vitamin D2-enhanced mushrooms by UV-B in humans, and comparing it with a vitamin D2 supplement.
Subjects/Methods: Fresh mushrooms were irradiated with an UV-B dose of 1.5 J/cm2, increasing vitamin D2 content from
o1 to 491 mg/100 g and made to an experimental soup. In this 5-week, single-blinded, randomized, placebo-controlled trial,
26 young subjects with serum 25-hydroxyvitamin D (25OHD) p50 nmol/l were randomly assigned into three groups
((a) mushroom, (b) supplement and (c) placebo). They received during winter (a) 28 000 IU (700 mg) vitamin D2 via the
experimental soup, or (b) 28 000 IU vitamin D2 via a supplement or (c) placebo, respectively.
Results: After 2 weeks, serum 25OHD was significantly higher in the mushroom than in the placebo group (P ¼ 0.001).
The serum 25OHD concentrations in the mushroom and supplement groups rose significantly and similarly over
the study period by 3.9 nmol/l (95% confidence interval (95% CI): 2.9, 4.8) and by 4.7 nmol/l per week (95% CI: 3.8, 5.7),
respectively.
Conclusions: We are the first to demonstrate in humans that the bioavailability of vitamin D2 from vitamin D2-enhanced button
mushrooms via UV-B irradiation was effective in improving vitamin D status and not different to a vitamin D2 supplement. This
trial was registered at http://germanctr.de as DRKS00000195.

European Journal of Clinical Nutrition (2011) 65, 965–971; doi:10.1038/ejcn.2011.53; published online 4 May 2011
Keywords: vitamin D2; ergosterol; button mushrooms; ultraviolet irradiation; bioavailability; humans

Introduction
Low vitamin D status, defined as a serum 25-hydroxyvitamin D
(25OHD) concentration o50 nmol/l (Holick and Chen,
2008; Malabanan et al., 1998), is a public health issue
prevalent worldwide (Chapuy et al., 1997; Hintzpeter et al.,
2008; Tangpricha et al., 2002; van der Wielen et al., 1995),
particularly in regions with a big seasonal shift in solar
altitude, as the major source of vitamin D for humans is
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sunlight-induced cutaneous synthesis (Engelsen et al., 2005;
Webb et al., 1988). Other criteria, like dark skin (Armas et al.,
2007; Clemens et al., 1982), old age (Need et al., 1993) and
immobility (Semba et al., 2000) further reduce the endogenous vitamin D synthesis. Moreover, few foods contain
vitamin D in noteworthy concentrations; those that do are
fish-liver oils, fatty fish and egg yolk. Furthermore, there is a
wide variety of foods fortified with vitamin D across the
world (Calvo et al., 2005), that is, dairy products, bread, and
recently, orange juice (Biancuzzo et al., 2010; Holick et al.,
1992; Natri et al., 2006).
Naturally, the vitamin D2 content of cultivated mushrooms is almost nil (o0.1 mg/100 g fresh weight) yet they are
very rich in ergosterol (Jasinghe and Perera, 2005; Mattila
et al., 2002). Ergosterol is the principal sterol in fungi, and
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several studies have reported that mushrooms can be greatly
enhanced with vitamin D2 by ultraviolet (UV) irradiation,
resembling the cutaneous synthesis of vitamin D3 in humans
(Ko et al., 2008; Mau et al., 1998). The conversion rate of
ergosterol to vitamin D2 under UV irradiation depends on
the UV spectrum (UV-B or -C), irradiation dose, moisture
content and the mushrooms’ orientation toward the UV
source (Jasinghe and Perera, 2005, 2006; Roberts et al., 2008).
Outila et al. (1999) were the first to demonstrate that
vitamin D2 was well absorbed from lyophilized and homogenized mushrooms in humans. Jasinghe and Perera (2005,
2006) were the first to publish in vivo studies on the
bioavailability of vitamin D2 from UV-irradiated mushrooms, showing as others (Koyyalamudi et al., 2009) that
vitamin D2 from vitamin D2-enhanced mushrooms is well
absorbed and metabolized in rodents and that it improves
bone mineralization.
Recently the case history of a patient with vitamin D
deficiency and secondary hyperparathyroidism was published, who refused to take supplements, but self-treated his
deficiency by consuming mushrooms daily, which he had
exposed to UV-B irradiation (Ozzard et al., 2008).
To the best of our knowledge, this is the first report on the
bioavailability of vitamin D2 from UV-treated mushrooms in
humans. Hence the primary objective of this randomized
controlled trial was to demonstrate the possibility of
improving the 25OHD status with this natural food source
in terms of a higher serum 25OHD concentration in young
adults with low 25OHD status 4 weeks after a weekly vitamin
D2 dose of 28 000 IU (700 mg) compared with placebo. A
secondary objective was to compare the bioavailability of
vitamin D2 from UV-B treated mushrooms with a vitamin D2
supplement.

Study design
This study was a 5-week, prospective, randomized, 3-arm,
single-blind, placebo-controlled trial to investigate the
bioavailability of vitamin D2 from UV-B-irradiated button
mushrooms and vitamin D2 supplement, respectively.
The four first weekly visits (weeks 0, 1, 2, 3) constituted the
interventional part of the study and the two last visits (weeks
4, 5) served as follow-up. The primary objective and further
endpoints were analyzed till week 4, because that is when we
expected the strongest interventional effect. At the initial,
baseline visit (week 0), weight and height were documented.
At each subsequent weekly visit at the same time of day
blood was drawn. The study was performed during the
winter from late January till early March 2010, when (a) a
low vitamin D status in healthy subjects is most likely and
(b) solar UV-B radiation is minimal to avoid the confounding
effect of cutaneous vitamin D3 synthesis on our intakeresponse evaluation.
Our 27 blinded subjects were randomly assigned into
three equal groups ((a) mushroom, (b) supplement and (c)
placebo) using a computer-generated sequence to receive
four times at weekly intervals either (a) 28 000 IU vitamin D2
via 365 g of the experimental soup containing the UV-Birradiated mushrooms (vitamin D2 content of 191.8 mg/
100 g) and placebo, or (b) 60 IU vitamin D2 via a conventional mushroom soup and 28 000 IU vitamin D2 via a
supplement (equivalent of 70 drops), or (c) 60 IU vitamin D2
by a conventional mushroom soup and placebo, respectively.
The liquid supplement used (Stérogyl, Desma Pharma, Paris,
France) provided 400 IU per drop (verified as 393 IU per drop
by SGS Institut Fresenius, Berlin, Germany), consisted of an
ethanol formulation of vitamin D2 and was dissolved in
orange juice. The placebo consisted of pure orange juice. The
supplement or placebo was served shortly before the soup.
Soup intake was supervised and remains of the soup were
absorbed by bread and eaten.

Subjects and methods
Subjects
Subjects were recruited from employees of the University
Medical Center Freiburg by advertising. The study protocol
was approved by our Ethics Commission. Exclusion criteria
included kidney stones, pregnancy, anticonvulsant or steroid
therapy in any form, frequenting a tanning salon, or
residence in the mountains or southern countries right
before or during the study. The subjects were not allowed to
take vitamin D supplements or fish liver oils, and were asked
to eat fish no more than once a week.
Caucasian adults in good general health, younger than 45
years with a body mass index between 18.5–26 kg/m2 and
not fulfilling any exclusion criterion were eligible to provide
blood specimens for further testing after having signed a
written consent form. Out of 49 female and male volunteers,
we randomized 27 subjects with low serum vitamin D
(25OHD p50 nmol/l) and normal serum calcium concentrations (2.2–2.7 mmol/l) to enter the study.
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Blood sample analysis
The blood samples were stored for coagulation about
30–60 min in the dark at room temperature previous to
centrifugation (2000 r.p.m. for 7 min). The serum samples
were frozen at 78 1C until weekly analysis of all samples of
one blood drawing by the laboratory MVZ Clotten (Freiburg,
Germany). Serum 25OHD2 and serum 25OHD3 were measured combined as 25OHD by a radioimmunoassay purchased from DiaSorin Inc. (Stillwater, MN, USA). The quality
and accuracy of the serum 25OHD analysis were monitored
by interlaboratory tests evaluated by INSTANT e.V. (Duesseldorf, Germany). The detection limit for the radioimmunoassay assay was 10 nmol/l, inter- and intra-assay coefficients of
variation for 25OHD were 11.1 and 10.1%. The crossreactivity of each compound, normalized to 25OHD3 and
above 1% is specified by the manufacturer as 104, 40 and
17% with 25OHD2, 1,25OH2D2, and 1,25OH2D3, respectively. Serum intact parathyroid hormone (iPTH) was
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measured by non-competitive immunoassay on the Roche
Modular Analytics E170 (Mannheim, Germany). Serum
calcium was measured using a photometric color test with
Olympus calcium Arsenazo III OSR60117 (Beckman Coulter
Diagnostics Ltd, O’Callaghans Mills, Ireland). The reference
ranges were 50–175 nmol/l, 1.2–4.5 pmol/l and 2.2–
2.7 mmol/l, for 25OHD, iPTH and serum calcium, respectively. Serum 25OHD and calcium were measured weekly;
serum iPTH was measured twice at week 0 and week 4.
Irradiation of mushrooms
We used fresh brown button mushrooms (Agaricus bisporus)
provided by a local mushroom producer (Schlossbergpilze,
Freiburg, Germany) with a moisture content of 91.4%,
determined by the vacuum oven method. To produce
vitamin D2-enhanced mushrooms, they were placed completely separated from each other on a 2 cm meshed grid,
and each side was irradiated simultaneously with UV-B
(306 nm) at an irradiation dose of 1.5 J/cm2 after 25 min at
ambient temperature (22 1C). The custom-made UV unit was
equipped with 8 UV-B lamps 176 cm in length (UV21,
Waldmann, Villingen-Schwenningen, Germany). The total
irradiation area was 0.72 m2 with a homogeneous intensity
of UV-B. The radiation dose was measured by a radiometer
(UV34, PCE Group, Meschede, Germany).
Soup preparation and analytic method
Directly after irradiation, the mushrooms were diced and
used in a pureed mushroom soup. All the experimental and
conventional mushroom soups needed for the study were
portioned out and stored in a freezer at 20 1C. Soup
ingredients were water, button mushrooms, soy cream, flour,
olive oil and spices (4.2% fat, 0.8% protein, 2.9% carbohydrates (weight/weight)). Soup and mushroom samples were
shipped on dry ice to SGS Institut Fresenius for vitamin D2
analysis. The assay is based on semipreparative HPLC
purification followed by analytical reversed-phase HPLC.
Preliminary tests (data not shown) showed that the experimental soup’s vitamin D2 remained very stable during
cooking, freezing, defrosting and reboiling. The mushroom
soups were well tolerated.

Sample size calculation and statistics
The study was designed to detect a difference of 20 nmol/l in
25OHD serum concentrations between the mushroom and
placebo groups with a power of 80% with a one-sided t-test at
a significance level of 5%. The assumed standard deviations
were 13.0 in the placebo and 14.7 in the mushroom groups,
derived from previous investigations. The resulting sample
size was seven per group. The study was analyzed using SPSS
version 16.0 (SPSS Inc., Chicago, IL, USA) and SAS version
9.2 (SAS Institute Inc., Cary, NC, USA).
For descriptive data analyses, values are presented as
means±standard deviations. Group comparisons were made

using two sample t-tests and one-way analysis of variance
with post hoc Tukey tests. P-values will be provided for the
comparisons of secondary objectives and should be regarded
as exploratory. Results with Po0.05 will be denoted as
significant. The development of 25OHD concentrations
during the study was investigated using a random effects
model (SAS proc mixed) with 25OHD as dependent variable,
different time slope parameters for each treatment group
(that is time*treatment interaction) and subject specified as
a random effect. Treatment differences during the study can
thus be investigated by testing the differences in time slopes.
Results will be given in terms of estimates for regression
slope parameters, which represent the 25OHD increase per
week in each group and their accompanying 95% confidence
intervals (95% CIs).

Results
Baseline characteristics of subjects
Of the 27 subjects recruited for the study, one from the
mushroom group dropped out because of pregnancy before
the first visit, whereas 26 completed the interventional phase
and were used for the further evaluation. One subject had to
miss the last follow-up blood withdrawal (week 5).
Characteristics of the study population are summarized in
Table 1. Mean age and body mass index of the subjects were
30.8±5.8 years and 22.1±2.5 kg/m2, respectively. There
were no significant differences in these parameters among
the three study groups at baseline. In addition, the three
study groups were similar with regard to initial serum
concentrations of 25OHD, iPTH and calcium (Table 2). At
4.08 (1.89–7.70) pmol/l at baseline, median serum iPTH was
in the upper normal range, and eight subjects (30.8%)
already presented secondary hyperparathyroidism as a result
of vitamin D deficiency. Furthermore, we found a statistically significant negative linear correlation between iPTH
and serum 25OHD (r ¼ 0.463, P ¼ 0.017).

Mushrooms’ vitamin D2 content
Our study’s brown button mushrooms cultivated in the dark
had very low concentrations of vitamin D2 (0.18 mg/100 g
Table 1

Baseline characteristics of subjects and dropouts (n ¼ 26)a

Variables

Male:female (n)
Age (years)
BMI (kg/m2)
Study dropout

Mushroom
group
(n ¼ 8)

Supplement
group
(n ¼ 9)

Placebo
group
(n ¼ 9)

3:5
28.6±4.3b
22.0±1.7
1 at week 0

4:5
31.1±6.7
23.7±2.1
1 at week 5

2:7
32.4±6.0
20.6±2.6
—

Abbreviation: BMI, body mass index.
a
There were no significant differences between the groups at baseline.
b
Means±s.d. (all such values).
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Table 2 Laboratory values in the three study arms1
Mushroom group (n ¼ 8)

Supplement group (n ¼ 9)

Placebo group (n ¼ 9)

P2

25OHD (75–175 nmol/l)3
0
1
2
3
4
5

34.0±11.0w
45.2±7.0
47.2±8.0a
51.0±11.2a
51.5±7.7a,**
56.7±7.2a

28.7±10.0w
42.0±9.2*
46.2±8.0a,*
50.7±7.7a
48.2±8.7a,*
58.0±11.2a

38.7±14.2*
35.0±13.0
31.2±9.7b,*
27.5±7.7b,*
24.5±7.2b,*
28.7±8.7b

0.160
0.125
0.001
o0.0001
o0.0001
o0.0001

IPTH (1.2–4.5 pmol/l)
0
4

3.36±1.01
3.20±1.35

4.67±1.56
4.24±1.21

4.28±1.95
3.78±1.26

0.241
0.265

Calcium (2.2–2.7 mmol/l)
0
4

2.53±0.08
2.43±0.07

2.47±0.08
2.40±0.13

2.48±0.09w
2.37±0.09

0.327
0.442

Serum parameter and time (week)

Abbreviation: iPTH, intact parathyroid hormone.
1
Mean±s.d. (all such values).
2
Values at each time of the measurement with different superscript letters are significantly different from each other (one-factor analysis of variance and post hoc
analysis with Tukey’s test).
3
Reference range.
*Po0.05, **Po0.01, wPo0.001 (significantly different from the following mean in the same column (paired t-test)).

fresh weight). The conversion of ergosterol to vitamin D2
under UV-B irradiation in this study was very high and we
achieved concentrations of 491 mg/100 g fresh weight
(56.8 mg vitamin D2/g dry solids).
Time course of the main serum parameters
The time course data of serum 25OHD concentrations for
each study group over the 5-week period are presented in
Table 2 and Figure 1.
The primary objective was to test the efficacy of the
vitamin D2-enhanced mushrooms to improve the 25OHD
status. The data show that 1 week after the last consumption
of such mushrooms at week 4, the mushroom group’s serum
25OHD was significantly higher than that in the placebo
group (Po0.0001) (Table 2).
A secondary objective consisted of testing the bioavailability of vitamin D2 from the UV-B treated mushrooms
compared with a common vitamin D2 supplement. When
modeling the development of 25OHD concentrations as a
linear function of time (mixed regression model), we found
that the mushroom and supplement groups increased their
25OHD concentrations significantly over the study period by
3.9 nmol/l per week (95% CI: 2.9, 4.8; Po0.0001) and by
4.7 nmol/l per week (95% CI: 3.8, 5.7; Po0.0001) (Figure 1).
Regression slopes of the concentrations of the serum 25OHD
in the mushroom and supplement groups did not significantly differ from one another (P ¼ 0.20). The mean increase
in serum 25OHD in the first 4 weeks per 100 IU of vitamin D2
was 0.5 nmol/l.
Further analysis showed that already 2 weeks after the first
consumption of the vitamin D2-enhanced mushrooms, the
European Journal of Clinical Nutrition

Figure 1 Time course of the mean changes in serum 25OHD over
the 5-week study period in subjects who consumed four times
(weeks 0, 1, 2, 3) mushrooms enhanced with vitamin D2 via UV-B
irradiation (mushroom group, n ¼ 8, K) or vitamin D2-containing
supplements (supplement group, n ¼ 9, m) or placebo (placebo
group, n ¼ 9, ’) at the end of the winter. Error bars are 2 s.e. At
week 5, one subject dropped out of the supplement group.
Concentrations were significantly different (analysis of variance,
Tukey’s test) between the mushroom and placebo groups,
and between the supplement and placebo groups from week 2
onward (wk 2: P ¼ 0.002; P ¼ 0.004, respectively; weeks 3, 4,
5: Po0.0001). Time courses for serum 25OHD over the study
period in the mushroom and supplement groups did not differ
significantly.
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two interventional groups’ serum 25OHD concentrations
were significantly higher than in the placebo group
(P ¼ 0.001) (Table 2).
Furthermore, the data reveal significant within-subject
changes in serum 25OHD in all three study groups already at
week 1. During the first week, serum 25OHD rose significantly (Po0.001) by 33.1 and 46.1% in the mushroom and
supplement groups, respectively. In addition, serum 25OHD
decreased significantly (P ¼ 0.03) by 6.5% in the placebo
group. The development of hypercalcaemia (serum calcium
42.7 mmol/l) was the main safety criteria for the vitamin D2
administration. Serum calcium remained within the reference range at all time points. No physical symptoms were
reported during the study.
Neither at baseline nor week 4 did the serum concentrations in iPTH and calcium differ significantly among the
three study groups (Table 2). The correlation between the
4-week changes in both intervention groups from serum
25OHD and iPTH at baseline revealed a negative but
nonsignificant association (r ¼ 0.449, P ¼ 0.071).

Discussion
Here we describe for the first time in humans that UV
irradiation of mushrooms creates an excellent source of
vitamin D2, which has equivalent bioavailability as a vitamin
D2 supplement.
The rapid serum 25OHD increase in our mushroom group
is a clear demonstration that ingesting 28 000 IU vitamin D2
once a week for 4 weeks via UV-B-irradiated and vitamin
D2-enhanced mushrooms is effective in improving vitamin
D status in young, healthy adults. Already 1 week after their
first ingestion of UV-B-irradiated mushrooms, serum 25OHD
rose significantly. Furthermore, it was significantly higher
than in placebo group 1 week after the second administration of enhanced mushrooms (week 2).
Most studies on the bioavailability of vitamin D in humans
have been conducted using supplements, not natural food
sources. Consistent with our observation of equivalent
vitamin D2 bioavailability from a soup prepared with UVirradiated mushrooms and supplement, an earlier study
(Outila et al., 1999) demonstrated the same efficiency with
non-irradiated, but lyophilized and homogenized mushrooms in humans. Both findings disprove the hypothesis of
van den Berg (1997), who maintained that the bioavailability
of vitamin D from natural food sources is probably lower
than from supplements.
By our weekly vitamin D2 supplementation of 28 000 IU
(daily equivalent of 4000 IU), we found after 1 month a
mean increase in serum 25OHD of 0.5 nmol/l for every
100 IU of vitamin D ingested. Evaluating our dose-response
effect with the reported increase by 1–2 nmol/l in 25OHD
for each additional 100 IU of vitamin D3 (Cranney et al.,
2008) is not appropriate, because a plateau in serum 25OHD
was not achievable over such a short period. Therefore, we

examined supplementation studies using comparable doses
of vitamin D2 and time periods. Mastaglia et al. (2006)
reported a dose-response in the first month of 0.43 nmol/l
for every 100 IU vitamin D2 by supplementing weekly
35 000 IU of vitamin D2, resembling our results although
they used a 25% higher dose. At their study’s conclusion
(3 months), dose-response rose to 0.71 nmol/l. Considering
the differences in doses and time, our results also concur
with dose-responses reported by others (Malabanan et al.,
1998; Pietras et al., 2009).
One of our study’s limitations is that the accuracy of the
radioimmunoassay method used to determine 25OHD2 was
found to be lower than indicated by the manufacturer
(Glendenning et al., 2003; Glendenning et al., 2006), so it is
possible that total serum 25OHD was underestimated.
Other authors showed that a single dose of 50 000 IU of
vitamin D2 or vitamin D3 produced similar increases in
serum 25OHD over the first 3 days, but serum 25OHD began
to fall immediately thereafter in the vitamin D2 group until,
by day 14, it reached baseline concentrations (Armas et al.,
2004). In contrast, serum 25OHD concentrations continued
to rise until day 14 in the vitamin D3 group, then fell slowly
over the following 14 days.
We did not compare the potencies of these two types
of vitamin D and could not confirm the reported short
initial increase followed by a rapid fall in serum 25OHD
after vitamin D2 supplementation (Armas et al., 2004).
When adjusted for a concomitant increase in serum
25OHD in the placebo group in the last week (due to the
confounding effect of cutaneous vitamin D3 synthesis), the
high serum 25OHD concentrations in both interventional
groups achieved remained constant during the follow-up
period.
Secondary hyperparathyroidism at baseline as a major
clinical sign of vitamin D deficiency was present in almost a
third of our subjects with low 25OHD status, especially in
those with very low serum 25OHD concentrations
(p25 nmol/l). In addition, we observed a negative correlation (r ¼ 0.449, P ¼ 0.071) between serum 25OHD increase
due to the weekly intake of 28 000 IU vitamin D2 and the
change in serum iPTH.
As anticipated, and in light of the current state of
knowledge (Vieth et al., 2001; Hathcock et al., 2007), the
vitamin D2 dose of an average of 4000 IU/d used in this study
was safe, and we observed no cases of hypercalcaemia or any
adverse events.
Our results demonstrate for the first time that the
bioavailability of vitamin D2 from vitamin D2-enhanced
button mushrooms via UV-B irradiation was effective in
improving vitamin D status in young, healthy adults.
Furthermore, we did not observe any differences in the
absorption rate and metabolism of vitamin D2 from UV-Birradiated mushrooms and a vitamin D2 supplement in
raising circulating serum 25OHD concentrations.
In conclusion, as the vitamin D2 enhancement of mushrooms boosts their nutraceutical value, it would provide a
European Journal of Clinical Nutrition
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worthwhile means of improving the vitamin D maintenance
in the general population. Further research and development
are required to find solutions for making such vitamin
D2-enhanced mushrooms commercially available in a safe
and affordable manner.
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