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Abstract
Summary Widespread poor vitamin D status, a health risk
for bone disease, increases the need for new food sources of
vitamin D. Light-exposed edible mushrooms synthesize vi-
tamin D2. Bioavailability, safety, and efficacy of high levels
of vitamin D2 from mushrooms to support bone health was
established in chronically fed growing rats.
Introduction Poor vitamin D status from reduced sun expo-
sure is made worse by limited access to vitamin D-
containing foods. Exposing white button mushrooms to
ultraviolet B (UVB) light markedly increases their vitamin
D2 content, creating a new food source of vitamin D. We
used a growing rat model to determine safety, bioavailability,
and efficacy in support of bone growth by vitamin D2 from
UVB-exposed mushrooms.
Methods We fed 150 weanling female rats one of five diets
for 10 weeks, all formulated on AIN-93 G. Control diets
contained no mushrooms either with or without vitamin D3.
Other diets contained 2.5% and 5.0% of UVB-exposed or -
unexposed mushrooms. Safety of the high levels of vitamin

D2 from mushrooms was assessed by animal growth and by
VonKossa staining for soft tissue calcification. Bioavailability
was determined from changes in circulating levels of 25-
hydroxyvitamin D [25(OH)D] and parathyroid hormone
(PTH). Efficacy in support of bone growth was determined
from measures of femur bending properties, size, mineraliza-
tion, and microarchitecture.
Results Diets containing 2.5% and 5.0% light-exposed
mushrooms significantly raised 25(OH)D and suppressed
PTH levels compared to control-fed rats or rats fed 5.0%
mushroom unexposed to light. Microarchitecture and tra-
becular mineralization were only modestly higher in the
light-treated mushroom-fed rats compared to the controls.
Von Kossa staining revealed no soft tissue calcification
despite very high plasma 25(OH)D.
Conclusions Vitamin D2 from UVB-exposed mushrooms is
bioavailable, safe, and functional in supporting bone growth
and mineralization in a growing rat model without evidence
of toxicity.
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Introduction

Until the last decade, adequacy of vitamin D intake was not
a pressing public health concern, because of the widely
accepted assumption that cutaneous vitamin D synthesis
from sun exposure, vitamin D3 or cholecalciferol, was
thought to meet most of our needs with respect to bone
health [1]. The majority of circulating 25-hydroxyvitamin
D [25(0H)D], the main indicator of vitamin D nutritional
status, originates from cutaneous synthesis of vitamin D3
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upon exposure to adequate sunlight; however, seasonal
changes, living at high latitudes or low polluted altitudes,
dark skin pigmentation, and aging are among the many
factors that can impede this process, requiring periodic
reliance on dietary sources to supply the precursor to 25
(OH)D [2]. The national surveys in North America continue
to show a high prevalence of poor vitamin D status as
measured by serum 25(OH)D and low dietary intake of
vitamin D-rich foods [3–5]. While adverse skeletal effects
of poor vitamin D status are well established [6], this trend
raises additional public health concern due to the growing
evidence confirming a significant association between poor
vitamin D status and increased risk of nonskeletal, chronic,
autoimmune, and infectious diseases and mortality.

Low vitamin D intake is largely due to the limited num-
ber of foods that are naturally rich in vitamin D or are
fortified with vitamin D [7]. Vitamin D was listed as one
of four critical nutrients that Americans need to consume
more of in the Federal Dietary Guidelines for Americans,
2010 [8, 9]. The 2010 Dietary Guidelines Advisory Com-
mittee concluded that the typical American diet contains
inadequate amounts of these nutrients including vitamin D
and that efforts to meet these nutrient needs should be made
through food rather than dietary supplements [9].

Two forms of vitamin D occur in foods—cholecalciferol
or D3 found in some animal products and fortified foods and
ergocalciferol or D2 from yeast and fungi, such as white
button mushrooms, when they are exposed to ultraviolet B
(UVB) light [10–12] are used in food fortification with some
restrictions. For example, fortification of soy milk and other
plant- or grain-based milks is restricted to vitamin D2

because it is not of animal origin [13]. In developing new
foods using either vitamin D2 or D3, both forms of vitamin
D must be absorbed and bioavailable for use in different
tissues including bone. Bioavailability requires vitamin D2

or D3 to be transported after absorption to the liver primarily
via chylomicrons where it is hydroxylated and released to
the circulation as either 25(OH)D2 or 25(OH)D3 which
circulates bound to vitamin D binding protein (DBP) [14,
15]. For a novel dietary source of vitamin D to be considered
bioavailable, the parent compound must be both absorbed and
efficiently hydroxylated to the intermediate form [25(OH)D]
that circulates and delivers the precursor to tissues to be
further metabolized to the active hormonal form of vitamin
D (1,25-dihydroxyvitamin D). Circulating levels of the inter-
mediate metabolite [25(OH)D2 or 25(OH)D3] are used as
both a nutritional status indicator and as a measure of
vitamin D bioavailability from different food sources [16].

Our study was designed to test the bioavailability of
vitamin D2 from light-exposed edible mushrooms, which
are the only natural food source of vitamin D2 commonly
consumed in the USA and Canada [13, 17]. The ability of
commonly consumed white button mushrooms (Agaricus

bisporis) to make ample levels of vitamin D2 is well estab-
lished as it is for other varieties of edible fungi [10–12,
18–21]. We hypothesized that vitamin D2 from fresh mush-
rooms exposed to UVB light postharvest would be
absorbed, bioavailable, safe, and effective in support of
bone growth. We further hypothesized that even at intake
levels exceeding the dietary recommendations for the rat, the
mushroom source of vitamin D2 would support optimal bone
growth without safety concerns such as soft tissue calcifica-
tion. Here, we report our findings from a 10-week feeding
study that was also designed to examine the effects of vitamin
D2 from light-exposed white button mushrooms on immune
response in growing female rats terminally challenged with
endotoxin [22]. In this report, we address vitamin D2 bioavail-
ability, efficacy in support of bone growth and safety at very
high doses from this novel food source of vitamin D2 in order
to assure a wide margin of safety for human consumption.

Materials and methods

Experimental design

The study utilized 300 weanling female Sprague–Dawley
rats (3 weeks old) that were allowed an acclimation period
of 1 week prior to being randomized into the study. The
large number of rats studied required us to stagger the
10-week feeding periods over a year. We conducted a total
of ten separate, 10-week feeding trials with each trial con-
sisting of 30 rats (a squad). A total of ten squads of 30 rats
were studied with each squad containing six animals in each
dietary experimental group. Three of the six rats in each of
the five dietary groups served as saline controls which were
used to evaluate functionality of vitamin D2 in bone, while
the remaining three were used to evaluate effects on immune
response. Careful attention was paid to limit confounding
variables utilizing rat pups from no more than three litters
with each squad of thirty rats studied (obtained from Harlan,
Indianapolis, IN). All rats were housed individually in poly-
carbonate, microisolator cages with deionized water and test
diet available ad libitum. All rats were housed in dedicated
air-conditioned rooms with 12 h light and dark cycles and
room temperature maintained at 18–26°C and 40–70% rel-
ative humidity. The animal protocol was approved by the
IACUC committee of the Center for Food Safety and Applied
Nutrition of the US Food and Drug Administration (protocol
number 502), and the study was conducted according to the
Animal Welfare Act guidelines.

Once randomized, the rats were fed one of five diets, all
formulated based on AIN-93 G (Research Diets, New
Brunswick, NJ) to contain different levels of vitamin D2

and either light-exposed mushroom powder or mushroom
powder from unexposed mushrooms (Table 1). The feeding
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regime period was 10 weeks. At the end of each feeding
regime, half of the rats were challenged with lipopolysac-
charide (LPS) [23] to determine immune response (results
are reported elsewhere); the remaining half received a con-
trol saline injection. In order to avoid potential confounding
factors from the LPS challenge, the right femurs from rats in
the saline control group were analyzed in this study.

At necropsy, blood was drawn into K3EDTA vacutainer
tubes, centrifuged for plasma separation and stored in dedicat-
ed aliquots at -80°C until analyzed. In this paper, we report the
effects of mushrooms and vitamin D2-enriched mushrooms on
the levels of circulating 25(OH)D and parathyroid hormone
(PTH) as measures of vitamin D status and bioavailability.
Microcomputed tomography (micro-CT) analysis of the distal
femur was used to assess the mushrooms’ ability to support
bone growth, and histological evidence of soft tissue calcifica-
tionwas assessed to assure safety of very high levels of vitamin
D2 from white button mushrooms fed daily for 10 weeks.

Diets

All five experimental diets were made by Research Diets and
were formulated based on the AIN-93 G formula with mod-
ification to adjust for desired vitamin D content and to adjust
for the addition of UVB treated or untreated mushroom

powder (Table 1). In order to more closely resemble the
typical high fat American diet, all diets differed from the
standard AIN-93 G formula by their 15% fat content in
contrast to the standard 5% fat content. The fat content was
composed of 15% (150 g/kg diet) American fat blend consist-
ing of 37.5 g cocoa butter, 4.5 g linseed oil, 52.5 g palm oil,
28.5 safflower oil, and 27.0 g sunflower oil. As shown in
Table 1, control diet (column 1) and vitamin D-deficient
control diet (column 2) contained no mushroom powder and
contained either the recommended level of vitamin D3 [24] or
no vitamin D3, while the remaining test diets were all made
with vitamin D-free premix and contained 5.0% unexposed
mushroom powder, or 2.5% or 5.0%UVB light-treated mush-
room powder added at the expense of cornstarch. Estimated
vitamin D content of the five diets was calculated from direct
analyses of the mushroom powder. Powdered, freeze-dried,
light-exposed, and -unexposed white button mushrooms were
generously provided by the Australian Mushroom Growers
Association through Mushrooms Canada and the Guelph
Food Technology Center (GFTC) and samples from each
contained 15 and <0.5 μg vitamin D2/g dried mushroom,
respectively, as analyzed by Dr. Pirjo Mattila, MTTAgrifood,
Finland [25, 26]. The rats were estimated to consume 20, 0,
2.4, 300, and 600 IU of vitamin D/day, respectively, from each
of the experimental diets.

Table 1 Experimental diet formulation

Dietary ingredientsa–c (g/kg diet) Control
AIN-93Ga

Control vitamin
D-deficient AIN-93Ga

5% Untreated
mushroom

2.5% UVB-treated
mushroom

5% UVB-treated
mushrooms

Estimated vit. D content of the diet (IU/g diet)a 1 IU D3/g Near zero 0.12 IU D2/g 15 IU D2/g 30 IU D2/g

Cornstarch 273 273 255.5 264.2 255.5

Casein 200 200 186 193 186

Dextrinized cornstarch 75 75 75 75 75

Sucrose 100 100 100 100 100

American fat blendb 150 150 150 150 150

Alphacel 50 50 41.2 45.6 41.2

AIN-93-G mineral mix 35 35 35 35 35

AIN-93-G vitamin mix 10 0 0 0 0

AIN-93-G vitamin D-free vitamin mix 0 10 10 10 10

L-Cysteine 3 3 3 3 3

L-Methionine 1.6 1.6 1.6 1.6 1.6

Choline bitartarte 2.5 2.5 2.5 2.5 2.5

Tert-butyhydroquinione 0.014 0.014 0.014 0.014 0.014

Untreated mushroom powder 0 0 45 0 0

UVB-treated mushroom powder 0 0 0 22.7 45

a All diets were formulated based on the AIN-93-G formula (Journal of Nutrition, 1997; 127:838S) with modification of the premix to adjust for
vitamin D content and the addition of UVB-treated or -untreated mushrooms. Based on the calculated vitamin D content of the diet, the rats were
estimated to consume 20, 0, 2.4, 300, and 600 IU of vitamin D/day, respectively
b A higher level of fat than the recommended 5% for rats was fed as the American fat blend in order to reflect the level and type of fat typical of the
American diet. The 150 g consists of 37.5 g cocoa butter, 4.5 g linseed oil, 52.5 g palm oil, 28.5 safflower oil, and 27.0 g sunflower oil
c All diets and the American fat blend were made by Research Diets
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Biomarkers of vitamin D status

The Dia Sorin (Stillwater, MN) radioimmunoassay (RIA)
was used to measure rat plasma levels of total 25(OH)D
[25(OH)D2+25(OH)D3].This widely used RIA measures
both the vitamin D2 and D3 metabolites to produce total
25(OH)D concentrations which are considered the best bio-
markers of vitamin D status [6, 16]. Inter assay variation based
on low (9.3–19.7 ng/ml) and high (50.7–68.9 ng/ml) controls
were 15% and 13%, respectively. Rat plasma PTH levels were
determined using ALPCO Diagnostic’s rat PTH IRMA
(Salem, NH). Assay performance based on high controls
(336–560 pg/ml) was 10.6% and 15.2% for inter- and intraassay
variation, respectively. Plasma creatinine levels were measured
as a surrogate biomarker for renal function using a quantitative
colorimetric kit (Bioassays Systems, Hayward, CA).

Microcomputed tomography of femur

Three-dimensional (3-D) bone microstructure was measured
in 150 right femurs (saline-challenged control rats only)
using microcomputed tomography (micro-CT 100, Scanco
Medical, Basserdorf, Switzerland). The entire femur was
imaged at an isotropic voxel size of 24 μm (nominal reso-
lution). Trabecular bone microarchitecture and mineraliza-
tion were analyzed in the metaphyseal region of the distal
femur, close to the growth plate where newly formed tra-
becular bone would best reflect any nutritional insults. Sag-
ittal and transverse sections of the reconstructed images
were used to identify trabecular bone just proximal to the
fused growth plate (Fig. 1). A total of 70 contiguous slices
of trabecular bone from the anterior, lateral quadrant prox-
imal to the growth plate was manually contoured with
automated morphing algorithms that linearly interpolated
between manual contours every ten slices. Segmentation to
distinguish trabecular bone from background was visually

chosen (threshold0235, sigma00, support00). From these
segmented images, automated distance transformation algo-
rithms were used to calculate the following morphological
parameters: bone volume fraction (BV/TV), trabecular
thickness (Tb.Th), trabecular spacing (Tb.Sp), trabecular
number (Tb.N), and connectivity density (Conn.D.) based
on methods of Hildebrand and Ruegsegger [27–29]. Princi-
pal material orientations (H1, H2, and H3) and degree of
anisotropy (DA) were calculated using 3-D mean intercept
length techniques. Trabecular bone mineralization (in mg/cc
HA) was computed from attenuation values of grayscale
micro-CT images based on hydroxyapatite (HA) calibration
standards. In addition, an approximately 2-mm section of
cortical bone at the midshaft (50% from the distal end) was
analyzed for cortical thickness and polar moment of inertia
(pMOI).

Femur bending strength

Load at break was measured in three-point bending at the
mid-shaft of right rat femurs from the saline control group
(n0150) using a table top Instron 4465 universal testing
machine. Femurs were oriented in the anterior–posterior
direction with the span between end supports consistently
set at 14 mm. All tests were completed at 10 mm/min until
fracture.

Histology of kidney, liver, and spleen

A pilot study sampling the entire last squad of 30 rats (with
6 rats from each dietary group) was conducted in order to
determine if the high vitamin D2 consumption from the
light-exposed mushrooms or the possible development of
secondary hyperparathyroidism from the chronic consump-
tion of vitamin D-deficient diets resulted in soft tissue
calcification. Tissue samples of liver, spleen, and kidney

Fig. 1 Representativemicro-CT
images of transverse (left) and
sagittal (right) sectioning to
identify region of interest
(yellow contours). Trabecular
bone from the metaphyseal
region proximal to the growth
plate was selected for analysis
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from each of the 30 rats were taken at necropsy and fixed in
formalin. Sections of kidney, liver, and spleen were stained
with hematoxylin and eosin and with the Von Kossa method
for mineralization [30] and were evaluated by light micros-
copy. Tissue sectioning and staining was conducted by Life-
Span BioSciences (Seattle, WA) who directed the blinded
pathology evaluation. The histology results shown in Table 3
are presented as the number of rats out of a total of six per
dietary group that were positive for the specific organ pa-
thology. For each of the dietary groups, there were no Von
Kossa positive rat spleens, livers, or kidneys.

Statistical analyses

The results are shown as the mean and SD of each dietary
group. The data were tested for normality and an appropriate
one-way analysis of variance (ANOVA) followed by pair-
wise comparisons were used to determine the significance of
any differences among the dietary groups, with significance
set at (p<0.05 for most parameters and at p<0.008 when
multiple comparisons were made among micro-CT meas-
ures of the femur trabecular bone.). Levene’s test for homo-
geneity was used initially followed by Welch’s ANOVA and
least squares means was used for post-ANOVA compari-
sons. For the two status indicators, 25(OH)D and PTH, and
all bone parameters measures significantly different from the
control diet-fed rats or from the vitamin D-deficient control-
fed rats are indicated by *p<0.05; ^p<0.008; **p<0.001 and
‡p<0.05, ‡‡p<0.001; @p<0.008, respectively.

Results

Growth

Fig. 2 shows the mean body weights over the 10-week
feeding period for the five different diet groups. The pres-
ence of mushroom, adequate, excess, or deficient levels of
vitamin D had no apparent effect on body weight in growing
female rats. Mean body weights were not different among
animals fed different diets at any point during the 10-week
feeding study. These findings of no effect on growth suggest
no general toxicity from long-term mushroom consumption
with or without vitamin D.

Bioavailability of Vitamin D from mushrooms

Vitamin D2 from UVB-exposed mushrooms is highly bio-
available as shown in Table 2. Rats fed the 5.0% UVB
mushroom diet had a mean plasma 25(OH)D level that
was in the excess vitamin D range (159±29 ng/ml) for
humans. This diet contained 30 times the National Research
Council (NRC) recommendation for vitamin D in the

growing rat [24]. Rats fed the NRC level for vitamin D3

with no mushroom (control diet) showed a final group mean
25(OH)D level of 32±11 ng/ml, which is within the normal
human reference range for the DiaSorin assay (30–100 ng/ml).
Circulating 25(OH)D levels above 150 ng/ml in humans are
considered excessive, and values below 30 ng/ml are inade-
quate [31]. Plasma 25(OH)D concentrations below 10 ng/ml,
as shown for the vitamin D-deficient control-fed rats and
the 5.0% unexposed mushroom-fed rats, are in the vitamin
D-deficient range. Vitamin D2 from mushrooms therefore
was both bioavailable and effective in suppressing the PTH
level (Table 2). This was demonstrated by the significantly
higher PTH levels in rats fed the vitamin D-deficient con-
trol compared to the vitamin D replete groups (p<0.001).
Group mean PTH level in rats consuming the vitamin
D-deficient 5.0% unexposed mushroom diet was also sig-
nificantly lower (p<0.002) than the vitamin D-deficient
control-fed group suggesting that mushrooms may contain
factors that facilitate calcium absorption thus reducing PTH
secretion.

Femur density and microarchitecture

We evaluated the metaphyseal region close to the growth
plate of the distal femur because it is the most recently
formed trabecular bone and presumably the most sensitive
to dietary factors affecting mineralization. No trabecular
micro-CT parameters shown in Table 2 were significantly
different from the control-fed group for both the UVB-
exposed mushroom-fed groups. There is, however, a notable
trend toward higher values for BV/TV, Conn.D, Tb.N, Tb.
Th, and mean density in the 5% UVB mushroom group
compared to the control-fed rats, suggesting the higher
vitamin D2 content of light-exposed mushrooms maximized
bone mineralization. In contrast, generally lower trabecular
measures relative to the control group were observed in rats
fed the vitamin D-deficient control diet, but none of these
measures reached the adjusted statistical significance level
(p<0.008). Despite the low vitamin D content of the diet,
rats fed the 5.0% unexposed mushroom diet showed statis-
tically significant (p<0.01) higher connectivity density and
mean trabecular mineralization, but lower trabecular thick-
ness compared to the control group. The presence of mush-
rooms in the diet, with and without vitamin D, apparently
stimulates bone accretion as suggested by the significantly
longer femurs (p<0.001) in all the mushroom-fed rats.
Higher vitamin D intake from light treated mushroom diets
had greater impact on cortical bone as shown by the higher
mean midshaft cortical thickness and pMOI (p<0.01) rela-
tive to the control-fed rats. Nevertheless, no differences in
cortical bone strength were observed from the load at break
measures. In earlier micro-CT measurements (data not
shown) scanned at a greater distance from the growth plate,
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distal femur trabecular microarchitecture was not affected
by the high circulating 25(OH)D levels. Curiously, in these

measures in more mature bone, distal femur density was
also significantly greater in the rats fed 5.0% mushroom
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Table 2 Plasma levels of biomarkers of vitamin D status and right femur bone measurementsab

Dietary group mean vit D2 intake/day Control 20
IU D3/day

Vit. D-deficient
control 0 IU/day

5% Untreated
mushroom 2.4
IU D2/day

2.5% UVB
mushrooms
300 IU D2/day

5% UVB
mushrooms
600 IU D2/day

ANOVAb P value

Plasma PTH, pg/ml 59±69‡ 147±181** 66±91‡ 35±51‡‡ 28±50‡‡ <0.0049

Plasma 25(OH)D, ng/ml 32±11‡‡ 4±3** 4±3** 118±28**‡‡ 159±29**‡‡ <0.0001

BV/TV 0.409±0.128 0.361±0.087 0.390±0.98 0.400±0.12 0.42±0.106 0.2003

Conn.D, 1/mm3 123.24±0.128 129.3±24.16 153.6±28.11^@ 118.8±24.12 129±21.87 <0.0001

Tb.N, 1/mm 5.68±0.658 5.46±0.63 5.81±0.54 5.58±0.69 5.81±0.62 0.1551

Tb.Th, mm 0.098±0.019 0.091±0.009 0.089±0.013 0.098±0.016 0.099±0.013 0.0072

Tb. Sp, mm 0.164±0.031 0.175±0.027 0.160±0.024‡ 0.168±0.031 0.158±0.028 0.1426

Trabecular mineralization, mg HA/cm3 751.96±25.54 745.99±35.46 773.90±30.05^@ 754.29±18.76 757.41±24.55 0.0128

Femur length, mm

34.18±0.61 34.46±0.87 34.7±0.62** 34.67±0.56** 34.96±0.56**‡ 0.0001

Femur midshaft width, m/l, mm 3.93±0.20 3.92±0.2 3.86±0.2 3.85±0.20 3.84±0.25 0.337

Femur midshaft width, a/p, mm 3.18±0.113 3.19±0.127 3.2±0.101 3.23±0.128 3.25±0.106*‡ 0.081

Midshaft cortical thickness, mm 0.559±0.21 0.562±0.029 0.556±0.024 0.573±0.017* 0.571±0.021* 0.0079

pMOI 11.96±1.38 12.79±1.99 11.87±1.31 12.44±1.64 13.0±2.0* 0.0562

Load at break, N 129.64±17.42 132.86±21.26 127.48±13.4 131.3±17.11 128.09±18.68 0.4172

* Significantly different from the control fed group mean (20 IU vit. D3/day) at the p<0.05 level
** Significantly different from the control fed group (20 IU vit. D3/day) at the p<0.01 level
‡ Significantly different from the vitamin D-deficient control diet-fed group at the p<0.05 level
‡‡ Significantly different from the vitamin D-deficient control diet-fed group at the p<0.001 level
^ Significantly different from the vitamin D control-fed group at the p<0.008 level for micro-Ct analyses of trabecular bone
@ Significantly different from the vitamin D-deficient control-fed group at the p<0.008 level for micro-Ct analyses of trabecular bone
a Group mean ± STD. Abbreviation for the measures of biomarkers and right femur are: PTH rat parathyroid hormone, 25OHD total plasma 25-
hydroxyvitamin D (25OHD2+25OHD3); BV/TV bone volume/total volume, Conn.D connectivity density, Tb.N trabecular number, Tb.Sp trabecular
space, Tb.Th trabecular thickness,mean density BVmean density of the bone volume, femur length total length of femur, femur midshaft width, m/lwidth
measured medial lateral,midshaft width, a/pwidth measured anterior posterior,midcortical thickness cortex width measured at midpoint, pMOImoment
of inertial, load at break Newtons required to reach breaking point.
b Test for homogeneity indicated nonnormal distribution of measures from different dietary groups, requiring the use of Welch’s ANOVA and least
means squares analyses (post ANOVAwas used to determine differences among dietary groups)
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with no vitamin D compared to the rats fed the 2.5% and
5.0% vitamin D-enriched mushrooms.

Histology

The use of EDTA-containing blood collection tubes pre-
vented determination by conventional analyses of hypercal-
cemia, the initial indicator of vitamin D toxicity which in
time leads to soft tissue calcification [30, 31]. Plasma creat-
inine levels were measured in order to provide information
concerning renal function which may be impaired in the
case of hypercalcemia in response to long-term consump-
tion of high levels of vitamin D. No significant differences
were observed in mean plasma levels of creatinine
indicating no apparent impairment of renal function
after 10 weeks of feeding the high vitamin D mushroom
diets. Group mean ± SD plasma creatinine levels (mg/dl) were
as follows: 0.628±0.089, 0.667±0.093, 0.668±0.116,
0.682±0.101, 0.667±0.097 for the control, control no vit. D,
5% untreated mushroom, 2.5% and 5% UVB-treated mush-
room diets, respectively.

As shown in Table 3, 10 weeks of feeding very high
levels of ergocalciferol was not associated with soft tissue
calcification as detected by Von Kossa staining. Even with
serum 25(OH)D levels in the potentially toxic end of the
normal human range in rats fed 2.5% or 5.0% UVB-exposed
mushroom diets, no evidence of kidney, liver, or spleen
calcium deposition was observed. Similarly, calcification
of these organs was not observed in rats with elevated
PTH levels consuming vitamin D-deficient diets, which is
commonly associated with extra-skeletal calcification.

Discussion

When developing new food sources of vitamin D, such as
light-exposed mushrooms, the safety and efficacy at levels
of vitamin D that exceed the 2010 upper level (UL) of safe
intake must be established in preclinical models such as the
growing rat [31]. Species differences in size and require-
ments make it difficult to exceed the UL in a growing rat
model. We tested vitamin D2 from mushrooms at a level
approximately 30-fold higher than the recommended dietary
intake of vitamin D for a growing rat, but at the recommended
daily allowance (RDA) for normal adult men and women
younger than 70 years [24, 31]. This represents a 30-fold
safety factor over the normal rat intake of vitamin D. We
reasoned that exposing mushrooms to ultraviolet radiation
did not constitute the introduction of a novel ingredient into
a food and that initial safety testing should need only to
continue for a sufficient duration to determine the develop-
ment of adverse effects that can occur in vitamin D toxicity or
approximately 10 weeks in a growing rat.

Evidence suggests that vitamin D2 is less effective than
vitamin D3 in sustaining plasma 25(OH)D levels in humans
[32], which may raise question about extrapolation of effi-
cacy findings from rats to humans. The rat model, however,
may be more sensitive to the potential toxicity of vitamin D2

in very high doses because the rat preferentially hydroxy-
lates ergocalciferol (D2) over cholecalciferol (D3) to the
intermediate metabolite, 25(OH)D [33]. We found no evi-
dence of toxicity such as growth retardation, impairment of
renal function indicated by elevated plasma creatinine levels
or calcification of soft tissues (kidney, spleen, and liver)
after 10 weeks of consuming either 300 or 600 IU vitamin
D2 each day. Our findings of the safety of very high doses of
vitamin D2 are consistent with those in old world monkeys
[34] and humans [35, 36] consuming very high levels of
vitamin D2 daily over months.

We have greater confidence in the extrapolation of safety
data from rodents to humans because our testing design
includes a safety factor, in this case a 30-fold higher intake
level. In contrast, there is no safety factor that can compen-
sate for metabolic differences between rats and humans
when extrapolating efficacy data to humans, and therefore,
we urge caution in generalizing the use of this food source
as a means of improving vitamin D status in the general
population. Others have shown good bioavailability of vita-
min D2 from light-exposed white button mushrooms in rats
[11, 20], and in the present study, we have demonstrated that
mushrooms serving as the sole source of vitamin D can
sustain adequate and high levels of circulating 25(OH)D in
rats. Earlier studies in humans [37–39] have shown vitamin
D2 from mushroom consumption to be bioavailable, but
these human studies either fed very high bolus doses [39],
lacked rigorous control of the vitamin content generated by
light exposure [37, 38], or were conducted in adults with
confirmed vitamin D deficiency [38, 39] during the winter
months when endogenous synthesis of vitamin D3 was
limited. Urbain and German colleagues [39] demonstrated
good bioavailability in winter without toxicity in young
adults consuming soup made from light-exposed white but-
ton mushrooms, delivering 28,000 IU vitamin D2 per week-
ly serving. Similarly, Ozzard et al [38] demonstrated that
light-exposed mushrooms effectively raised 25(OH)D levels
and suppressed PTH in a young Asian vegan living in
London. Under conditions of low 25(OH)D status and lim-
ited endogenous synthesis, vitamin D2 from mushrooms
appears to be effective in raising total 25(OH)D levels.
However, an important limitation to the extrapolation of
these findings to the general population stems from evi-
dence that vitamin D2 may increase plasma 25(OH)D2,
while resulting in a decrease in 25(OH)D3 levels and failure
to further elevate total 25(OH)D [40]. Long-term clinical
studies in old and young subjects with both adequate and
poor baseline vitamin D status are needed to monitor safety
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and efficacy over summer and winter with varying doses of
vitamin D2 from mushrooms, particularly doses that exceed
the UL of 4000 IU D2/day.

We also showed functional efficacy of the mushroom
derived vitamin D2 in sustaining bone mineralization in
growing rats. An important limitation of our study design
was the high calcium content of all the diets (1% Ca) that
possibly hindered our ability to observe a marked difference
between the rats fed vitamin D-deficient diets with and
without mushrooms. When vitamin D and calcium are low
or insufficient in the diet (0.4% Ca), clear differences in

microarchitecture were observed between the vitamin D-
deficient and replete rats using the same micro-CT methods
used in this study [41]. These authors also found that corti-
cal bone was maintained in preference to trabecular bone in
vitamin D-deficient growing rats fed low calcium diets [41].
Given the higher calcium content of the diets fed in the
present study, the slight elevation in PTH relative to
control-fed rats, which was observed in the vitamin D-
deficient 5.0% unexposed mushroom-fed rats, may have
stimulated greater bone accretion and growth. The adequate
calcium content of our diets may explain the minor, less

Table 3 Histological evaluation for vitamin D toxicitya

Organs Control AIN-93
G (n06)

AIN-93 G no vit.
D (n06)

5% Mushroom no
UVB (n06)

2.5% Mushroom
UVB-treated
(n06)

5% Mushrooms
UVB-treated
(n06)

Kidney

No significant histologic findings 3 0 3 2 2

Basophilia, tubular epithelium 2 3 2 2 2

Minimal 2 3 2 2 2

Cast, proteinic, renal tubule 0 0 0 0 1

Minimal 0 0 0 0 1

Dilation, renal pelvis 0 1 0 0 0

Minimal 0 1 0 0 0

Dilatation, renal tubule 3 2 2 1 4

Minimal 3 2 2 1 4

Glomerulopathy 0 1 0 0 0

Minimal 0 1 0 0 0

Hyaline droplet 0 0 0 0 1

Minimal 0 0 0 0 1

Inflammation neutrophilic 0 0 0 1 0

Mild 0 0 0 1 0

Mineralization, renal tubule 0 1 1 2 1

Minimal 0 1 1 2 1

Thickness increased, tubular basement membrane 0 0 1 0 0

Minimal 0 0 1 0 0

Von Kossa: negative 6 6 6 6 6

Liver

No significant histologic findings 2 4 2 2 1

Aggregate, cellular 0 0 0 0 1

Minimal 0 0 0 0 1

Infiltrate, mononuclear cell, periportal 1 1 1 1 2

Minimal 1 1 1 1 2

Vacuolation, cytoplasm, hepatocyte 3 1 4 4 3

Minimal 3 1 4 4 3

Von Kossa: negative 6 6 6 6 6

Spleen

No significant histologic findings 6 6 6 6 6

Von Kossa: negative 6 6 6 6 6

aNumerical score for each diet represents the total number of rats out of 6 rats per dietary group that were positive for the parameter evaluated
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significant impairment of trabecular mineralization observed
in vitamin D-deficient mushroom- and control-fed rats. Alter-
natively, mushrooms may have some as yet unknown compo-
nent that stimulates growth, a possibility considering the
stimulatory effect on the innate immune system observed in
the rats fed vitamin D2-rich light-exposed mushrooms after
challenge with LPS [22].

With an estimated 40% of the worldwide population at
risk for vitamin D deficiency [6], there is a critical need to
provide new dietary sources of vitamin D that are palatable,
not of animal origin, and affordable in order to meet the
diverse taste, dietary, and religious needs of the global
population [15, 17]. The need for higher intakes of vitamin
D is evidenced by changes in the 2011 dietary reference
intake guidelines (RDA) which increased recommended
vitamin D intakes from 200 and 400 IU/day to 600 and
800 IU/day for normal healthy men and women greater than
1 year of age and over 70 years, respectively [31]. In
addition, the Endocrine Society Clinical Practice Committee
of experts in vitamin D more recently issued recommenda-
tions for patients at risk for vitamin D deficiency [6], which
were generally three times higher than the 2011 RDA for
men and women older than 19 years. The committee also
suggested a significantly higher UL of safe intake for these
adults at risk, raising the UL from 4000 to 10,000 IU/day
[6]. The expert committee recommended using either vita-
min D2 or vitamin D3, despite reports that vitamin D2 is less
effective than vitamin D3 when used as a dietary supplement
in humans [32]. The US Food and Drug Administration
does not distinguish between the efficacy of vitamin D2

and D3 used to fortify foods or as a dietary supplement
[7]. The 2010 Dietary Guidelines for Americans also reiter-
ate the need for higher vitamin D intakes and emphasize that
the vitamin D should come predominantly from food sour-
ces [9]. Whiting et al. [5] and others [4, 7, 15, 17] have
shown that despite mandatory fortification of fluid milk in
Canada and the USA, the average intake of vitamin D from
food alone is very low compared to the 2011 dietary rec-
ommended intake (RDA) of 600 IU/day. These national
average intakes from food alone are 250 IU/day for the
national Canadian community [5] and, on average, less than
250 IU/day for the US population according to the 2005–
2006 US National Health and Education Survey [4]. In
reality, the guidelines for healthy living established for the
USA and Canada are significantly higher than the level of
vitamin D actually consumed from food alone.

Vitamin D2 is the only form of vitamin D that meets the
dietary and religious needs of a diverse population, largely
because it is not of animal origin. However, to meet the
needs of all socioeconomic segments of our population a
new food source for vitamin D must also be affordable. The
2010 federal government’s update of the food pyramid
called on Americans to eat more foods containing potassium,

vitamin D, calcium, and dietary fiber [9, 42, 43]. Foods con-
taining these nutrients are not easily affordable to many North
Americans, especially with respect to vitamin D and potassi-
um (fatty fish like salmon, milk, fortified orange juice) [43].
With the cost of milk and fortified orange juice subject to
constant market change and continued higher cost due to bad
weather or higher fuel expenses, Monsivais et al. [43] suggests
that healthy eating according to the government guidelines
may become an exclusive privilege of the rich. Mushrooms
are good sources of potassium and can be exposed postharvest
to a controlled light source to precisely generate 100% ormore
of the RDA (600 IU) of vitamin D2 in a single serving of 100 g
fresh mushrooms that will remain stable under normal storage
conditions [19], all for less than US$1. Availability of high
vitamin D mushrooms to poor segments of our population at
risk for vitamin D insufficiency will remain a problem without
further study and dissemination of the health benefits of
vitamin D-containing mushrooms. Particular attention should
be given to the possible application of megadoses of vitamin
D2 frommushrooms to combat diseases in children in addition
to rickets, especially in populations without access to fortified
milk. Several studies show potential health benefits from high
dose vitamin D2 supplements to enhance bone growth in
Indian girls [44] and to treat cystic fibrosis [45].

In conclusion, we have demonstrated the potential for
light-exposed white button mushrooms to become a safe,
bioavailable, effective, and affordable dietary source of vi-
tamin D2 for use in diverse populations worldwide with
poor vitamin D status and with limited access to sun or
other dietary sources.
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