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Abstract

Vitamin D3-related compounds have been detected in various plant species, mostly belonging to the Solanaceae. In this work

we show that Nicotiana glauca, a widespread member of this taxonomic family, contains 7-dehydrocholesterol, vitamin D3 and

hydroxylated derivatives bearing precursor-product metabolic relationships in vertebrates. Leaves collected in the field and callus

cultures were used. By means of specific radioreceptor binding assays and mass spectrometry of purified fractions obtained from

plant tissue lipid extracts by Sephadex LH-20 and Sep-Pak C18 chromatography followed by HPLC, we established the presence

of 7-dehydrocholesterol, vitamin D3, 25(OH)-vitamin D3 and 1a,25(OH)2-vitamin D3 (1a,25(OH)2D3), the latter being a

hormonally relevant metabolite in animals. These results indicate that N. glauca may represent a useful species in which to

characterize the biosynthetic pathway and physiological functions of vitamin D3 compounds in plants. In addition, tissue culture

of N. glauca could become a significant tool for biotechnological production of 1a,25(OH)2D3. © 2000 Elsevier Science Ireland

Ltd. All rights reserved.
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1. Introduction

The occurrence of calcinosis in grazing animals

in various parts of the world [1,2] led to the

isolation and identification in plants of vitamin

D3-related compounds [3–5], thought previously

to be generated only in vertebrates during the

metabolic conversion of 7-dehydrocholesterol to

the pluripotent hormone 1a,25-dihydroxyvitamin

D3 (1a,25(OH)2D3). These intermediates (7-dehy-

drocholesterol, vitamin D3, 25(OH)D3,

1a,25(OH)2D3) may be found in plants both as

aglycones and glycoside derivatives. Various inves-

tigations employing in vitro systems have shown

that vitamin D sterols affect root growth and

differentiation [6–8] through a stimulation of root

calcium uptake and calmodulin synthesis [9–11],

suggesting a physiological function for these

compounds.

Although several species which have been

shown to contain vitamin D3 metabolites are in-

cluded in different taxonomic families, most of

them belong to the Solanaceae [4,12–15]. In the

present work we have investigated the presence of

these compounds in Nicotiana glauca Graham

(Solanaceae; n.v. Tree tobacco), a world-wide

member of this family originating in South Amer-

ica (Palan palan or Tabaco moro) [16,17]. By

means of specific radioreceptor binding assays,

HPLC and mass spectrometry we demonstrate

that this plant species contains 7-dehydrocholes-

terol, vitamin D3 and its hydroxylated metabolites.
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2. Materials and methods

2.1. Materials

Solvents used for isolation and chromatographic

procedures were HPLC grade (J.T. Baker, Phillips-

burg, NJ, USA). Compounds for culture media,

7-dehydrocholesterol and Sephadex LH-20 were

obtained from Sigma-Aldrich (St Louis, MO, USA)

and Gibco BRL (Gaithersburg, MD, USA). The

Sep-Pak cartridges were from Waters (Milford,

MA, USA). The LiChroCART cartridge for HPLC

analysis was from Merck (Darmstadt, Germany).

Other reagents were of analytical grade. Vitamin

D3, 25(OH)-vitamin D3 and 1a,25(OH)2D3 were a

gift from Dr Lise Binderup, Leo Pharmaceutical

Products (Ballerup, Denmark).

2.2. Cultures

To culture N. glauca tissue (callus), aseptic leaf

explants from plants collected in Bahı́a Blanca,

Buenos Aires Province, Argentina, were inoculated

in solidified (0.8% agar) Murashige-Skoog [18]

medium supplemented with 2,4-dichlorophenoxy-

acetic acid (2,4-D; 0.5 mg/l) and kinetin (0.2 mg/l).

The tissue was grown at 25°C and during the

culture period it was not illuminated. The calli

started to develop after �15 days. Subculture

was performed when the entire surface of culture

flasks was covered with tissue (�2 months). Com-

pounds were isolated after the first subculture.

2.3. Extraction and chromatography of

7-dehydrocholesterol and 6itamin D3 metabolites

A scheme of the procedure used in the extrac-

tion, purification and detection of 7-dehydro-

cholesterol and vitamin D3 metabolites is outlined

in Fig. 1. First, vitamin D3-related compounds

present in N. glauca cultured calli (first subculture)

and leaves were extracted following essentially the

method of Bligh and Dyer [19]. Briefly, the leaves

and callus cultures were homogenized with chloro-

Fig. 1. Flow diagram of the purification and detection of vitamin D3 metabolites from N. glauca leaves and callus cultures. Weight

units for leaves and calli refer to g fresh weight (FW). Results of radioreceptor assays are expressed in pg 1a,25(OH)2D3/g FW.
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form-methanol (1:2, v/v; 3.6 ml/g FW) using an

Ultraturrax homogenizer (Janke and Kunkel, Ger-

many) for 2 min at maximum speed. The samples

were further homogenized twice for 30 s: (1) after

the addition of chloroform (1.2 ml/g) and then (2)

after the addition of water (1.2 ml/g), homogeniz-

ing between additions. The final homogenate was

centrifuged in a Sorvall SS-34 rotor (Du Pont,

Delaware, USA) at 4385×g for 10 min and the

lower lipid soluble phase was collected. When the

lipid extract was used for 1a,25(OH)2D3 radiore-

ceptor assays, it was evaporated by flushing nitro-

gen at 35°C and then dissolved in an appropriate

volume of isopropanol. Prior to HPLC, the ex-

tracts were passed through a Sephadex LH-20

column (1×15 cm) using hexane-chloroform-

methanol (9:1:1, v/v) as the solvent system. The

fractions which eluted with similar retention times

to the authentic 7-dehydrocholesterol and vitamin

D3 (collected together), 25(OH)D3 and

1a,25(OH)2D3 were saved. Each fraction from the

Sephadex column was passed through a Sep-Pak

C 18 cartridge eluted with 90% methanol for 7-de-

hydrocholesterol and vitamin D3; 80–100%

methanol for 25(OH)D3 and 60–80% methanol

for 1a,25(OH)2D3, as solvent systems. Fractions

were collected which eluted with similar retention

times to the authentic 7-dehydrocholesterol and

vitamin D3 (one fraction), 25(OH)D3 and

1a,25(OH)2D3. Each fraction was further resolved

by high performance liquid chromatography

(HPLC). HPLC was performed with an Isco

Model 2360 gradient programmer equipped with a

Model Isco V4 multiwavelength programmable de-

tector set at 265 nm and a pump Isco Model 2350

(Isco, Lincoln, NE, USA). A reverse phase

LiChroCART (4 mm×25 cm) cartridge eluted

with different solvent systems was used. Vitamin

D3 eluted with methanol-water (86:14, v/v); for

eluting 7-dehydrocholesterol, after the vitamin D3

peak, the solvent was changed to methanol-water

(90:10). Isocratic elutions of methanol-water

(75:25) and (86:14) were used to isolate 25(OH)D3

and 1a,25(OH)2D3, respectively.

2.4. Mass spectrometry

Mass spectra were obtained on a Micromass

Model Autospec magnetic sector mass spectrome-

ter, electron impact 70 eV (Micromass, UK). To

that end, each HPLC fraction was evaporated and

redissolved in isopropanol, except that containing

7-dehydrocholesterol which was solubilized in

ethanol. The mass spectra of samples were com-

pared with those of authentic compounds from a

database (Wiley 138.1).

2.5. 1a,25(OH)2D3 radioreceptor assays

The 1a,25(OH)2D3 content of Bligh and Dyer

[19] lipid extracts from N. glauca leaves and callus

and the Sep-Pak chromatographic fraction of

1a,25(OH)2D3 derived therefrom was measured by

a specific radioreceptor assay. The 1a,25(OH)2D3

receptor preparation was obtained by homoge-

nization of mucosa from duodena of 4-week-old

vitamin D-deficient chicks in TEKDP buffer (10

mM Tris–HCl, pH 7.4; 1.5 mM EDTA; 0.3 M

KCl; 2 mM dithiothreitol; 0.3 mM phenylmethyl-

sulfonylfluoride) followed by centrifugation at

100 000×g for 60 min. The supernatant was col-

lected and stored at −70°C until use. Binding

assays were performed incubating the samples

with 5.87×10−10 M [3H]1a,25(OH)2D3 for

4 h at 0°C. Free radioactive steroid was separated

from bound by the hydroxylapatite procedure

[20].

3. Results

Radioreceptor assays of N. glauca leaf and cal-

lus lipid extracts revealed the presence of 1000 and

300 pg/g FW, respectively, of 1a,25(OH)2D3. The

metabolite was also detected in the corresponding

fraction of the Sep-Pak purification step prior to

HPLC (Fig. 1).

The presence of vitamin D3 and its related

metabolites (for chemical structures see Ref. [5]) in

N. glauca was further investigated by high perfor-

mance liquid chromatography. HPLC analysis on

a LiChroCART cartridge of lipid extracts from

calli and leaf, previously fractionated by Sephadex

LH-20 and Sep-Pak chromatography, revealed the

presence of peaks with elution times similar to

those of synthetic samples of vitamin D3 (peak a;

80.1 min), 7-dehydrocholesterol (peak b; 129.0

min), 25(OH)D3 (peak c; 34.7 min) and

1a,25(OH)2D3 (peak d; 8.9 min) (Fig. 2, A–C).

The above purification scheme has proved to be

satisfactory for purification of vitamin D3 and its

derivatives in plant [5,15] as well as in animal
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Fig. 2. Isolation of 7-dehydrocholesterol, vitamin D3 and hydroxylated derivatives from N. glauca by HPLC. Lipids were

extracted from calli according to Bligh and Dyer [13] followed by chromatography on a Sephadex LH-20 column and a Sep-Pak

C 18 cartridge to obtain fractions containing 7-dehydrocholesterol and vitamin D3, 25(OH)D3 and 1a,25(OH)2D3 as indicated in

Section 2. Each fraction was further resolved by HPLC using a LiChroCART cartridge. (A) Vitamin D3 and 7-dehydrocholesterol

(eluted with methanol/water, 86:14; after 90 min solvent changed to methanol/water, 90:10). (B) 25(OH)D3 was eluted

methanol/water (75:25). (C) 1a,25(OH)2D3 was eluted methanol/water (86:14); the arrows indicate the elution of authentic samples

of: (a) vitamin D3; (b) 7-dehydrocholesterol; (c) 25(OH)D3; and (d) 1a,25(OH)2D3.

tissues [21], prior to their identification by mass

spectrometry.

Mass spectrometry of the putative vitamin D3,

7-dehydrocholesterol, 25(OH)D3 and

1a,25(OH)2D3 HPLC peaks was performed to elu-

cidate their chemical structures (Fig. 3, A–D). As

shown in Fig. 3A, the electron impact mass spec-

trum of HPLC peak a showed a molecular ion at

m/z 384. Loss of water and methyl group from the

parent peak gave m/z 351. The peak at m/z 325

was produced by loss of 59 atomic mass units (loss

of water plus an isopropyl group) from the molec-

ular ion. The peak at m/z 271 was caused by loss

of the side chain from the parent ion. Loss of

water from peak m/z 271 gave m/z 253. The peak

at m/z 199 was produced by loss of C4H8O from

peak at m/z 271. The peak at m/z 136 results from

formal cleavage between carbons 7 and 8, whereas

the base peak at m/z 118 results from dehydration

of the peak at m/z 136. Peaks occurring at m/z 118

and 136 are characteristic of the vitamin D-triene

system. These peaks and others of Fig. 3A demon-

strated that this compound is vitamin D3.

The mass spectrum of HPLC peak b (Fig. 3B)

has a molecular ion at m/z 384. Peaks at m/z 351,

325, 271, 253 and 199 also indicate that the steroid

nucleus has remained unchanged. Collectively,

from the above data, this metabolite could be

7-dehydrocholesterol.

Peak c of the HPLC run displayed a parent

molecular ion of m/z 400 (Fig. 3C) in agreement

with the molecular weight of 25(OH)D3. Peak at

m/z 382 represents loss of water from the molecu-

lar ion. Loss of water and methyl group from the

parent peak gave m/z 367. The peaks at m/z 271,

253, 136 and 118 arise in the manner discussed

above for Fig. 3A. Altogether, these results indi-

cate that the secoesteroid nucleus of their parent,

vitamin D3, has remained unchanged and that this

metabolite is formed as a result of changes occur-
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ring only on the side chain. From the above data,

this metabolite can be identified as 25(OH)D3.

As shown in Fig. 3D, the mass spectrum of

HPLC peak d with a molecular ion at m/z 416

indicates that this metabolite contains one addi-

tional hydroxyl group when compared to

25(OH)D3, in accordance with the structure of

1a,25(OH)2D3. The peaks at m/z 398 and 380 are

characteristic of the parent peak minus one and

two molecules of water, respectively. The peak at

m/z 287 is due to side chain cleavage from the

main steroid molecule (C-17/C-20 cleavage). Loss

of the side chain plus one and two molecules of

water of the parent ion gives the peaks at m/z 269

and 251, respectively. The peak at m/z 152 results

from cleavage between carbons 7 and 8 and repre-

sents the A ring plus the carbon 6 and 7 fragment.

Loss of water from peak at m/z 152 gives rise to

the base peak at m/z 134. Collectively, these peaks

and others exhibited in the mass spectrum of Fig.

3D, demonstrate that this metabolite is

1a,25(OH)2D3.

4. Discussion

The data of this study demonstrate the existence
of 7-dehydrocholesterol, vitamin D3, 25(OH)D3

and 1a,25(OH)2D3 in N. glauca, a member of the
Solanaceae hitherto not known to contain these
metabolically related steroids. The presence of vi-
tamin D3 compounds was established in the
lipophilic fraction of this plant species. Various
reports have previously shown that in the
Solanaceae, the concentration of the free form of
vitamin D3 metabolites generally exceeds that of
the corresponding glycosidic derivatives
[12,13,22–24]. Moreover, the possibility has been
raised that formation of glycoconjugates of vita-
min D3 compounds in plants occurs to a great
extent during storage of collected tissues at the
expense of the content of free sterols [12,13]. In
our study, N. glauca leaves or calli were immedi-
ately extracted after collection in the field or re-
moval from the culture medium, respectively.

Regarding the identification of vitamin D3

metabolites, the high specificity of the radiorecep-

Fig. 3. Mass spectra of HPLC fractions from N. glauca containing vitamin D3, 7-dehydrocholesterol, 25(OH)D3 and

1a,25(OH)2D3. The fractions of vitamin D3-related compounds were obtained by chromatography of N. glauca lipid extracts on

a Sephadex LH-20 column and a Sep-Pak C 18 cartridge followed by HPLC as in Fig. 1. Mass spectrometry was performed as

described in Section 2. (A) Vitamin D3; (B) 7-dehydrocholesterol; (C) 25(OH)D3; and (D) 1a,25(OH)2D3.
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tor assay, as revealed by its inability to detect

closely related analogs such as 24,25(OH)2D3,

25(OH)D3 and 1a(OH)D3, even when present in

large concentration [25], is clear evidence of the

presence of 1a,25(OH)2D3 in leaf and callus cul-

tures from N. glauca. More conclusive evidence was

furnished by mass spectrometry of the HPLC peak

(d) coeluting with 1a,25(OH)2D3, which yielded a

molecular ion and a fragmentation profile corre-

sponding to the structure of this metabolite. Also,

the presence of 7-dehydrocholesterol, vitamin D3

and 25(OH)D3 in leaf and callus cultures of this

plant was confirmed by chromatographic and spec-

tral means, as discussed in Section 3.

This report adds one more example to the grow-

ing list of plants shown to contain vitamin D3

derivatives. Including N. glauca, there are so far

eight species belonging to the Solanaceae for which

biological and/or chemical evidence of the presence

of vitamin D3 and related sterols has been provided.

These compounds are also found in varying con-

centrations in species belonging to other taxonom-

ical families, such as Gramineae, Leguminoseae

and Cucurbitaceae [4,13,26].

There is little information about the formation of

and the subsequent hydroxylations of vitamin D3 in

plants. Only low activities of vitamin D3-25-hy-

droxylase and 25(OH)D3-1a-hydroxylase have been

detected in Solanum glaucophyllum leaf extracts and

microsomal membranes using assays analogous to

those employed in studies on vitamin D3 hydroxy-

lation in animals [27]. Much remains to be done to

elucidate the metabolism of vitamin D3 in plants

and its regulation.

The fact that the levels of 1a,25(OH)2D3 in leaves

and cultured tissue from N. glauca are similar to

those found in S. glaucophyllum [15], a well-known

accumulator of vitamin D3 metabolites, but geo-

graphically restricted to certain areas within Ar-

gentina and Brazil, indicates that the former

species, which is widespread, may represent a more

accessible source for investigations on this subject.

Finally, the finding that calli from N. glauca pro-

duce the hormonally active vitamin D3 metabolite

may lead to the use of plant culture systems to

produce this compound.
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