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Abstract
Red clover isoflavones are increasingly used in dietary supplements for their purported estrogenic
effects. However, little is known about their metabolism in animals due to a lack of commercially
available isotopically-labeled tracers. The goal of this research was to establish red clover cell
culturing methodology for 14C-biolabeling of isoflavones. When root, leaf, and petiole—derived
suspension cultures were grown in darkness or light, dark-grown, petiole-derived solution cultures
produced the highest concentrations of the two major red clover isoflavones, formononetin (0.67 mg/
g FM inoculum) and biochanin A (0.13 mg/g FM inoculum). Varying levels and timing of copper
chloride elicitor did not significantly affect isoflavone accumulation. Approximately 38% of
the 14C-sucrose dose accumulated in the cells. Eighteen percent of the initial labeled dose was
detected in the isoflavone-rich methanolic extract and of that, 22% accumulated in isoflavones.
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Introduction
Isoflavones are a class of phytoestrogens believed to exhibit bioactivity in hormone-related
diseases such as cardiovascular disease, cancer, and osteoporosis, as well as menopausal
symptoms (Tham et al. 1998). These effects are likely associated with the estrogenic and anti-
estrogenic actions, antioxidant, and tyrosine kinase inhibition properties of isoflavones. The
phenolic ring structure and nearly equivalent hydroxyl groups of isoflavones and endogenous
17 β-estradiol allow isoflavones to weakly bind to the estrogen receptor-β, which is found in
brain, bone, bladder, and vascular epithelia (Setchell et al. 1999). In humans, isoflavones can
accumulate at 100-fold higher concentrations than endogenous estrogens, thus making a
significant contribution to hormonal signaling as well as interactions with other cellular
processes not mediated by the estrogen receptor (Tham et al. 1998).

Isoflavones are commonly found in leguminous plants, most notably soybean, but also
accumulate in clover species (Tham et al. 1998). Red clover (Trifolium pratense) dietary
supplements and herbal medicines typically consisting of dried floral blossoms in tablet or tea
forms, are sold as “natural” alternatives to estrogen replacement therapy (National Center for
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Complementary and Alternative Medicine. 2008). Extensive epidemiological evidence
indicates a substantially lower incidence of hormone-dependent diseases for populations
practicing a phytoestrogen-rich traditional Asian diet versus a low phytoestrogen Western diet
(Tham et al. 1998).

Thirty-one isoflavones in the leaves and stems, 25 in the roots, and 26 in flowers of red clover
(Trifolium pratense) have been identified, with the highest concentrations of formononetin and
biochanin A, the two major red clover isoflavone aglycones, found in the leaves (Wu et al.
2003). Biochanin A and formononetin are the 4′-O- methylated plant precursors to genistein
and daidzein (Figure 1), respectively and are the predominant isoflavones in alfalfa, chickpea,
and red clover (Tham et al. 1998; Tolleson et al. 2002). These prominent red clover isoflavone
aglycones may have beneficial physiological effects (Beck et al. 2005). Red clover extracts
and supplements have been shown to treat menopause and high blood lipids in clinical trials,
and they have been used to slow osteoporosis in animal studies (Hidalgo et al. 2005; Nestel et
al. 2004; Occhiuto et al. 2007).

Limited information on red clover isoflavone metabolism and bioactivity exists. It is known
that the O-methoxylation of these precursors reduces their antioxidant and estrogenic activities,
however the gut bacterium E. limosum demethoxylates the compounds to yield the more potent
estrogenic products (Hur and Rafii. 2000; Kuiper et al. 1998; Arora et al. 1998). Other
metabolism studies have examined the effect of proportions of red clover isoflavones on in
vitro enterocyte uptake, and the in vitro conversion of biochanin A and formononetin by hepatic
cytochrome P450 isoforms (Tolleson et al. 2002; Wang et al. 2008). However, there is a paucity
of research on in vivo human and animal bioconversions of red clover isoflavones.

In order to rigorously study red clover isoflavone metabolism in animal models and humans,
a source of isotopically labeled red clover isoflavones is needed. For production of labeled
isoflavones, the controlled conditions of in vitro cell cultures have a number of advantages. In
vitro cell culture systems can be engineered for reproducible product accumulation independent
of season because its physical and chemical environments can be controlled (Yousef et al.
2004b). Secondary metabolite production by in vitro plant systems can be stimulated by use
of elicitors, which are biotic or abiotic compounds that initiate a defense mechanism such as
a structural change, gene activation, or change in chemical composition, designed to defend a
plant cell from bacterial or viral infection (Ebel et al. 1998). Plant secondary metabolites
including tomato carotenoids; grape and berry flavonoids, proanthocyanins and anthocyanins;
and kudzu isoflavones have been successfully radiolabeled using in vitro plant cell culture
methodologies (Yousef et al. 2004b; Campbell et al. 2006; Vitrac et al. 2002; Reppert et al.
2008). Although currently needed for nutritional research, the full array of radiolabeled red
clover isoflavones is not commercially available.

Copper chloride (CuCl2), a heavy metal salt, has been used in various leguminous species for
elicitation of isoflavones and induction of other phytoalexin metabolism (Parry et al. 1994;
Gagnon and Ibrahim. 1997; Mithofer et al. 2004; Preisig et al. 1990; Paiva et al. 1994; Maxwell
and Phillips. 1990). An in vivo study of isoflavone metabolism in root tissue of 5-d-old red
clover seedlings found that CuCl2 prompted the accumulation of both the free aglycones
formononetin and maackiain and the loss of their respective conjugates. After 24 h incubation,
maximal levels of free aglycones were reached and diminished levels of the metabolic
precursors were noted (Tebayashi et al. 2001). In this report, uniform red clover cell cultures
were developed and an elicitation protocol for in vitro red clover isoflavone radiolabeling was
applied.
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Materials and Methods
Plant material

Red clover (Trifolium pratense) seeds (Johnny’s Selected Seeds; Winslow, ME) were surface
sterilized by wrapping in filter paper, submerging in 70% ethanol solution for 1 min, and then
in a 1.2% sodium hypochlorite solution with polyoxyethylene sorbitan monolaurate (two drops/
L, Tween 20, Sigma-Aldrich, St. Louis, MO) for 10 or 20 min. In separate trials, seeds were
also surface sterilized using the same procedure except with 0.6% and 0.9% sodium
hypochlorite solutions for 15 min each. After each procedure, seeds were thoroughly rinsed
five times with sterile water over a slight vacuum using a sterile filter unit, and they were
explanted onto 15 ml culture media consisting of half strength Murashige and Skoog salts
(Murashige and Skoog. 1962), rose vitamins (Rogers et al. 1992), myoinositol (0.1 g/L),
sucrose (30 g/L), and bacteriological grade agar (Phytotechnology Laboratories, Shawnee
Mission, KS) (6 g/L) in 25 × 150 mm culture tubes.

Callus and suspension culture initiation
Six 17-d-old axenic seedlings were dissected into petiole, leaf, and root segments. Segments
were placed onto 40 ml of solid red clover callus media as modified by Beach and Smith
(Beach and Smith. 1979) consisting of Gamborg B5 salts (Gamborg et al. 1968), B5 vitamins,
myoinositol (0.1 g/L), NAA (2 mg/L), 2,4-D (2.25 mg/L), kinetin (2.12 mg/L), sucrose (20 g/
L), and bacteriological grade agar (6 g/L) in GA-7 cubes (Magenta Corporation, Chicago, IL).
Callus cultures were maintained in the dark. During callus induction, explants were transferred
to fresh solidified media after 34 d and then again after 42 days, and transferred every 28 d
thereafter. When callus became friable, light yellow, and comparable across tissue types, 1 g
callus tissue from each explant was separated from mother tissue and transferred to 40 ml fresh
callus media in GA-7 cubes for a 28 d growth cycle. To induce suspension cultures, 2 g fresh
mass (FM) of friable callus were transferred to 40 ml of the same media without agar in 125
ml Erlenmeyer flasks. Cell suspension cultures were maintained in darkness on a rotary shaker
(150 rpm) at 27.5 +/- 1.5 °C. Cell suspension cultures were subcultured every 14 d by the
transfer of 5 ml aliquots of established cultures, [1.5 ml settled cell volume (SCV) with 3.5 ml
spent media] into 40 ml of fresh media. To determine the effect of irradiance on isoflavone
production, cell suspension cultures were maintained under either cool white fluorescent light
(100 μmol m-2 s-1), or in darkness.

Growth measurements and isoflavone extraction
Suspension and callus cultures were evaluated quantitatively for biomass and isoflavone
content at the end of their respective growth cycles. Callus was harvested by careful separation
from media using metal spatulas, and FM was promptly recorded. Suspension cultures were
separated from spent media over a slight vacuum with #4 filter paper (Whatman, Springfield
Mill, UK) and a Büchner funnel. Filtration ended when no more liquid was expressed for 30
s, and FM was recorded.

Cells were extracted for isoflavone analysis by first homogenizing 1-part cells with 5-parts
80% methanol for 20 s. Cell debris was separated from the methanolic fraction by vacuum
filtration using a Büchner funnel and #4 filter paper and again extracted and separated from
the extract as before. For a final extraction, cell debris was homogenized, stored overnight at
4 °C, and filtered the next day. All three methanolic fractions were combined and filtered with
#1 filter paper. Methanol was removed under reduced pressure in a 40°C water bath using a
Büchi Rotavapor R110 (CH-9230 Flawil, Switzerland). Extraction solutions were then frozen
at -20 °C and completely lyophilized.
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Copper chloride elicitation
To evaluate the effect of CuCl2 dose level and exposure duration on cell suspension cultures,
liquid red clover callus media was adjusted to 0, 0.5, 0.05, and 0.005 mM CuCl2 by adding 40
μl of 0, 499.8, 49.98, and 4.998 mM aqueous CuCl2 elicitor solutions respectively on either
day 9, 11, or 13 of the 14 d growth period. Cells were harvested on day 14 as described above.
Spent media was reserved from each treatment, stored at -20 °C, and water was removed using
a rotary evaporator and freeze-dryer.

[14C]-Labeling Red Clover Isoflavones
Uniformly labeled [14C]-sucrose with a specific activity of 10 mCi/mmol (374 MBq/mmol) in
a crystalline solid form (ICN Biomedicals Inc., Irvine, CA) was used as the source of label for
the red clover suspension cultures. The [14C]-sucrose stock solution was prepared in sterile
double distilled H2O (pH 5.7), and was filter-sterilized prior to incorporation into the media.
Concentrated medium containing all components except [14C]-sucrose was prepared by
bringing the medium to 90% of the final volume. The medium was dispensed and autoclaved
at 72 ml per 250 ml flask.

After transferring 10 ml of established cultures (3 ml SCV with 7 ml spent medium), 8 ml of
stock [14C]-sucrose solution was added to cell suspension cultures to bring the final media
volume to 80 ml. The final media [14C]-specific activity was 3.4 μCi/ml. Cultures were placed
in a previously developed enclosed polyacrylic labeling chamber built atop a gyratory shaker,
designed to provide for the safe containment of respired [14C]-labeled CO2 produced by the
cell suspension cultures (Grusak et al. 2004). Red clover cell suspension cultures were
incubated in the enclosed chamber for 14 d at 22 ± 2 °C in the dark, with the gyratory shaker
set to 160 rpm. Sterilized CuCl2 was added to cultured cells on day 11 of a 14 day growth
period for a final concentration of 0.05 mM, as previously described, to increase isoflavone
production and [14C]-labeling efficiency.

Isoflavone screening and analysis
For isoflavone screening, dried media, cell extracts, and standards [formononetin, biochanin
A (Indofine, Hillsborough, NJ), genistein, and daidzein (Sigma-Aldrich, St. Louis, MO)] were
dissolved in methanol and applied to a silica gel plate (250 μm layer, Whatman Ltd., Maidstone,
Kent, UK) for thin layer chromatography (TLC) using a methanol-chloroform solvent. Spots
were visualized under UV light. All analyses were performed on cell suspension cultures
harvested at 14 d after inoculation.

For quantitative HPLC analysis, dried methanolic extracts were weighed out in 20 mg portions,
suspended in 4 ml of 80% aqueous methanol, and sonicated until fully dissolved. Isoflavone
HPLC analysis was carried as previously described (Reppert et al. 2008). In short, isoflavones
were separated using a Supelcosil LC18 column (250 mm × 4 mm × 5 μm) (Supelco, Bellefonte,
PA) and analyzed using an 1100 HPLC series system (Agilent Technology Inc., New Castle,
DE). Isoflavones were monitored at 262 nm using a photodiode-array UV-VIS detector.
Standards for daidzein, genistein, formononetin, biochanin A (Sigma-Aldrich), genistin,
malonyl-genistin (LC Laboratories, Woburn, MA), ononin, and biochanin A-7-glucoside
(Indofine) were used for isoflavone identification and quantification in radiolabeled red clover
extracts. Non-commercially available isoflavones were quantified with related standards using
a previously described method (Chandra et al. 2001). A fraction collector (Agilent
Technologies, Santa Clara, CA) was set to collect the radiolabeled isoflavone peaks separately.
Analysis was performed with a quadratic pump (G1311A), degasser (G1322A), auto-sampler
(G1313A), fraction collector (G1364C), and temperature controlled column compartment
(G1316A) of 24 °C. The wavelength absorption was monitored at 262 nm using photodiode-
array UV-VIS detector (PDA). Primary testing showed that major isoflavone compounds
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corresponded to peaks with retention times of 8.0, 9.0, 10.2, 11.3, 12.3, 13.9, 14.8, 15.9, 16.5,
18.4, 20.5, 22.5 min. In comparison with commercial references and HPLC-MS data described
below, these peaks were associated with glycitin, genistin, calycosin glycosyl-malonate,
malonyl-genistin, pratensein glycosyl-malonate, formononetin glycosyl-malonate, biochanin
A 7-glucoside, genistein, pratensein, formononetin, irilone, and biochanin A, respectively. The
injection volume was 25 μl for samples and standards with a flow rate of 1.5 ml/min. Solvent
A was 90% H2O, 10% acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFA) and solvent B
was 90% ACN, 10% H2O, and 0.1% TFA. The mobile phase gradient system was 0, 70%,
100%, 0%, and 0% of solvent B at 0, 30, 35, 40, and 45 min, respectively. To quantify the
isoflavones in red clover dry extract, three concentrations of external standards were used. The
standards were prepared in 80% aqueous methanol at the following concentrations: daidzin at
50, 100, and 200 μg/ml, malonyl-genistin and genistin at 10, 20, and 40 μg/ml, genistein and
daidzein at 3, 6, and 12 μg/ml. All data were processed using Chemstation Software for LC
3D systems (Rev. A.10.02, Agilent Technologies).

HPLC-ESI/MS Analysis of Radiolabeled Isoflavones
High performance liquid chromatography-electro spray ionization-mass spectrophotometer
(HPLC-ESI-MS) methods were previously described (Reppert et al. 2008).

[14C]-Label Enrichment in Dry Extracts and Specific Activities of Isoflavones
Radioactivity in plant cells and isoflavone fractions were analyzed using a scintillation counter
and scintillation cocktail as previously described (Reppert et al. 2008). In short,
isoflavone 14C enrichment was measured using HPLC to separate individual isoflavones for
scintillation analysis. Each isoflavone was collected upon elution from the separatory column.
The concentrations of isoflavone compounds were estimated by using commercial standards
as described previously. The collected mobile phase volume (0.8 ml) corresponding to each
isoflavone HPLC peak was added to 20 ml of Biosafe II liquid scintillation cocktail (RPI, Mt.
Prospect, IL) and read by a liquid scintillation counter. The specific activities of the isoflavone
compounds were estimated by dividing the amount of 14C label in μCi by compound mass for
each corresponding peak in g (specific activity = μCi/g).

Statistical analysis
The cell suspension culture experiments were conducted with 5 replicates per treatment for
FM determinations. The callus culture experiments were conducted with 4-6 trials of 3
replicates/trial per tissue type for FM determinations. Replicates for each treatment were
combined before extraction and isoflavone analysis. Significant differences between
treatments for growth measurements were determined with a one-way analysis of variance
followed by the Dunnett’s test at the 0.05 probability level using the SAS System for Windows
v. 8.02 (SAS Institute, Inc., Cary, NC). Isoflavone concentrations in cultures and spent media
were determined by combining repetitions and determining isoflavone concentrations per FM
for callus cultures or per liter media for cell suspension cultures.

Results and Discussion
Surface disinfestation

Following surface disinfestation, no contamination was seen at any treatment (0.6, 0.9, nor
1.2% sodium hypochlorite). The short-duration/ high-concentration sodium hypochlorite
treatment (10 min/1.2% sodium hypochlorite treatment) (Table 1) resulted in the highest rate
of germination (76%) of axenic seedlings. Increasing durations of disinfestation to 15-20 min
resulted in germination percentages that were 24-36% lower.
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Callus and cell suspension culture initiation
Callus growth was observed within 7-14 days on cut surfaces of root, petiole, and leaf explants.
Callus became uniform in appearance within 3 months and was used to initiate suspension
cultures, which were subcultured every 2 weeks. Suspensions initiated from friable leaf or
petiole-derived callus became uniform enough to obtain 1.5 ml SCV by the 3rd cycle, whereas
root callus-derived suspensions required 5 cycles after initiation.

Growth and isoflavone measurements of callus and suspension cultures
In solid callus culture, petiole-derived cells yielded significantly greater FM (5.06 g / g
inoculum) compared to leaf (3.47 g/g inoculum) or root-derived callus (3.88 g/g inoculum).
All three culture types produced similar formononetin and biochanin A yields (0.23-0.49 mg/
g callus inoculum, and 0.03-0.07 mg/g callus inoculum, respectively), but concentrations were
higher in root and leaf callus cultures for biochanin A (0.012 and 0.022 mg/g callus) than in
petiole cultures (0.008 mg/g callus) (Figure 2). All three sources were adequate callus sources
and were used to evaluate productivity for isoflavones in cell suspension culture.

Dark-grown, petiole-derived cell suspension cultures produced the greatest concentrations of
formononetin (0.67 mg/g FM inoculum) and biochanin A (0.13 mg/g FM inoculum) compared
to other tissues grown in darkness and in light (Figure 3). Isoflavone concentrations were on
average 9-fold greater in petiole-derived cell suspension cultures (0.7 mg/g FM) as compared
to callus cultures (0.08 mg/g FM) (Figures 2 & 3). Previous reports indicated that field grown
red clover had the highest levels of formononetin and biochanin A in leaf tissue (authors did
not indicate if leaves included petiole tissue), and the lowest amounts in flowers, roots, and
stems (Wu et al. 2003). Our results showed petiole-derived cell suspension cultures to have
the highest concentration of isoflavones. Based on our findings in liquid media, petiole-derived
cell suspension cultures were chosen for further elicitation study.

Effect of CuCl2 treatments on harvest mass and isoflavone yields
Copper chloride had a small effect on petiole-derived cell suspension culture harvest mass,
where the greatest yields for 1, 3, and 5 d treatments resulted from the 0.005 mM CuCl2
treatment (101, 104, and 96 g/L, respectively). While no treatments were significantly different,
the lowest overall yield resulted from the longest, highest copper chloride treatment (52 g/L)
(Figure 4). A preliminary study of non-elicited petiole-derived cell suspension cultures showed
an average yield of 75 g/ L, which is 31% less than the control groups (109 g/L) in the elicitation
experiments. These results may indicate that growth rates rise as cell suspension cultures adapt
to the in vitro environment.

Based on TLC analysis of the first trial of CuCl2-elicited cell and media extracts, it was
determined that cell extracts from suspension cultures contained formononetin, biochanin A,
genistein and very low amounts of genistin, and daidzein (data not shown). Media extracts did
not contain any detectable amounts of isoflavones, indicating the isoflavones were not released
from the cells in significant amounts. Based on this data, our analyses focused on biochanin A
and formononetin from cell samples.

HPLC analysis of elicited petiole cultures showed most CuCl2 treatments caused increased
biochanin A and formononetin accumulation compared to control (Figure 4), with the
exception of 1 d, 0.005 mM and 5 d, 0.05 mM treatments. Based on preliminary results, the 3
d, 0.05 mM CuCl2 treatment was chosen for radiolabeling experiments detailed hereafter.

[14C]-Isoflavone Radiolabeling Efficiency and Isoflavone Analysis
Red clover cell suspension cultures grown for 14 d in the labeling chamber reached a final
average fresh mass yield of 83.8 g/L, an average increase of 335% in weight from inoculum.

Engelmann et al. Page 6

Plant Cell Tissue Organ Cult. Author manuscript; available in PMC 2009 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The cultures accumulated 458.4 μCi (17.0 MBq) (38.2% of the administered [14C]-sucrose
label), in an average of 26.9 g per run of cultured biomass (17.0 μCi/g or 0.6 MBq/g fresh
weight), whereas 27.3% of the [14C]-label remained in the filtered media (Table 2).
Scintillation counts of samples from CO2 traps revealed that loss of 14C in the form of CO2
from respiration accounted for 303.6 μCi (11.2 MBq) (25.3%) of the label. The final recovery
of the [14C]-label from petiole-derived cell suspension cultures into the isoflavone-rich dried
extract was 214.8 μCi (7.9 MBq), which indicated an overall labeling efficiency of 17.9%. Of
the label recovered in the dry extract, actual incorporation into the isoflavones was found to
be 22.7% of the total amount of label recovered in the isoflavone-rich extract; the remainder
was incorporated into various other compounds in the extract. The percentage of label present
in the various isoflavones was proportional to their concentrations in the dry extract (Table 3)
with a correlation coefficient of 97% (r2= 0.97).

Chemical Composition of Isoflavonoid-Rich Fractions
Isoflavones present in radiolabeled petiole-derived suspension cell culture extracts were
identified by HPLC-PDA and HPLC-ESI/MS using several criteria, including comparison of
their UV spectra, retention time (tR) and major ion molecular weight (MW) values with those
of commercial standards and isoflavones previously reported in extracts of red clover (Wu et
al. 2003; Lin et al. 2000).

The predominant isoflavones accumulated in petiole-derived, red clover suspension cultures
were glycosides and glycosyl-malonate conjugates of the aglycones formononetin, calycosin,
pratensein, genistein, and biochanin A (Figure 5). Peak identities were assigned based on the
tR values of known standards, the MW values of the major ion for each peak, and the order
and identity of peaks reported in previous studies of red clover tissue extracts; MS data were
consistent with these reports (Wu et al. 2003;Lin et al. 2000). Additional isoflavones found in
the labeled petiole-derived cell suspension cultures included the aglycones irilone,
formononetin, and biochanin A, in smaller quantities (Table 3).

The isoflavones in the dried extracts of red clover petiole-derived cell suspension cultures were
quantified by HPLC-PDA to estimate the concentration of each isoflavone. This step was
crucial in determining the efficiency of radiolabeled petiole-derived cell suspension cultures
as a source of labeled, bioactive isoflavones. The most abundant isoflavone accumulated in
the [14C]-labeled red clover petiole-derived cell suspension cultures was formononetin
glycosyl-malonate, with an average concentration of 21.4 mg/g extract (equivalent to 1.0 mg/
g FM) (Table 3). Glycosides of genistein and calycosin also were abundant in the petiole-
derived cell suspension cultures, specifically malonyl-genistin and calycosin glycosyl-
malonate, at average concentrations of 7.8 mg/g (0.4 mg/g FM) and 7.4 mg/g dried extract (0.3
mg/g FM), respectively. Concentrations for other isoflavones detected in red clover petiole-
derived cell suspension cultures and the levels of 14C-incorporation are presented in Table 3.

Formononetin glycosyl-malonate also was found to have the highest 14C-enrichment as
measured by specific activity (167.6 μCi/g or 6.2 MBq/g). The other two most predominant
red clover isoflavones, malonyl-genistin and calycosin glycosyl-malonate, also had the next
greatest specific activities of 162.8 μCi/g (6.0 MBq/g) and 150.7 μCi/g (5.6 MBq/g),
respectively. The similarity between rankings by concentration and specific activity, however,
did not continue beyond the three most predominant isoflavones. When measured by label
recovery in the extract (% label in extract per isoflavone), the similarity was also limited
between rankings by concentration and label recovery. However, the percentage of label
present in the various isoflavones was proportional to the concentrations at which those
isoflavones were present (Table 3). Formononetin glycosyl-malonate, for example, had the
highest overall label incorporation at 5.2% of the label recovered in the dried extract, while
the other two predominant red clover isoflavones, malonyl-genistin and calycosin glycosyl-
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malonate, had the next highest total label incorporation at 2.8% and 2.9%, respectively.
Biochanin A and irilone, which had the lowest concentrations, accounted for only 0.8 and 0.4%
of the recovered label, respectively.

Red clover petiole-derived cell suspension culture label incorporation (38.2%) (Table 2) was
comparable to recently reported label incorporation in kudzu (Pueraria lobata), grape (Vitis
vinifera), ohelo (Vaccinium pahalae), and tomato (Lycopersicon esculentum) cell cultures
(Campbell et al. 2006;Vitrac et al. 2002;Reppert et al. 2008;Grusak et al. 2004) (17-34%
radiolabel incorporation). Moreover, the amount of label recovered in the dried isoflavone-rich
red clover extract was similar to that recovered in flavonoid-rich fractions of labeled grape and
ohelo cell cultures (Yousef et al. 2004a).

The major isoflavones identified in unhydrolyzed extracts from red clover cell suspension
cultures were the glycosides formononetin glycosyl-malonate, malonyl-genistin, and calycosin
glycosyl-malonate with retention times of 13.9, 11.3, and 10.2 min, respectively (Figure 5).
These isoflavones were present in large quantities compared to the other identified compounds,
as determined by both HPLC-PDA/UV and HPLC-ESI/MS analyses. A different report
analyzing hydrolyzed red clover extracts found the aglycones glycitein, genistein, irilone, and
prunetin to be the major isoflavones in in vivo stem and leaf tissues. The isoflavone aglycones
daidzein, genistein, formononetin, and biochanin A were identified as the primary isoflavones
in the red clover formulations used in these studies, and these isoflavones have been linked to
physiological benefits in other reports. For these reasons, a primary aim of this work was to
produce a source of labeled bioactive red clover isoflavones formononetin and biochanin A,
which could be used subsequently to study these purported health effects in vivo. The
radiolabeled red clover extract produced in these experiments contained mostly glycosides and
glycosyl-malonate conjugates of these aglycones. When consumed, these glycosides are
cleaved upon digestion and absorption to the implicated bioactive free aglycones (Setchell et
al. 2001). While the abundance of glycosylated isoflavones in the labeled red clover extract
suggests that the majority of the [14C]-label was incorporated into those glycosides, their
natural hydrolysis in vivo will allow us to track the hydrolysis and metabolism of these
glycosides in vivo. This will be investigated in animal models aimed at using the radiolabeled
red clover suspension culture extract to track the metabolism and physiological effects of red
clover isoflavones.

The abundant compounds formononetin glycosyl-malonate, malonyl-genistin, and calycosin
glycosyl-malonate in the labeled red clover petiole-derived cell suspension culture extract had
the greatest specific activities compared to other isoflavones examined (167.6, 162.8 , and
150.7 μCi/g, respectively). The specific activities of these isoflavones are comparable to
another study, which examined kudzu root cultures as a source of isoflavones, where puerarin,
daidzin, and malonyl-daidzin had specific activities of 63.5, 112.8, and 85.4 μCi/g, respectively
(Reppert et al. 2008). In contrast, stilbenes, as well as anthocyanins and catechins were
produced with greater specific activities of 875 μCi/g and 260-350 μCi/g, respectively (Vitrac
et al. 2002), and phytoene was found to have a much lower specific activity of 407 Bq/μg, or
0.11 μCi/g, when labeled (Campbell et al. 2006).

It should be noticed that the source of the label in this work, sucrose, has diverse potential
metabolic fates, and this was a limitation of the present study with respect to the degree of
enrichment produced. Sucrose is used in many biosynthetic pathways in plant cells, and
therefore the label was incorporated randomly into a variety of compounds and cell constituents
other than isoflavones. Nonetheless, this method is more cost-effective than using precursors
specific to the isoflavone synthetic pathway, and the total label actually incorporated into each
isoflavone was commensurate with the concentration of that isoflavone. That is, a larger
amount of label was incorporated into the more abundant isoflavones, with the greatest label
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recovery in formononetin glycosyl-malonate, malonyl-genistin, and calycosin glycosyl-
malonate.

In conclusion, [14C]-labeled isoflavones were biosynthesized and isolated from red clover
using a novel tissue culture system. Red clover cell suspension cultures provide a renewable
source of bioactive isoflavones. This study is the first, to our knowledge, to report the
accumulation of a diverse profile of biolabeled isoflavones from red clover petiole-derived cell
suspension cultures after introducing uniformly labeled [14C]-sucrose to the medium. Major
isoflavones including formononetin glycosyl-malonate, malonyl-genistin, and calycosin
glycosyl-malonate were isolated and quantified in this tissue culture system. These biolabeled
isoflavones will be employed in studies utilizing an animal model and isotope-tracking
methodology to assess the in vivo bioactivity and metabolism of the red clover extracts and
their purified isoflavones, for a better understanding of their beneficial physiological effects.
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Fig. 1.
Structures of prominent red clover isoflavones, biochanin A and formononetin, and their
corresponding demethylated derivatives genistein and daidzein.
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Fig. 2.
A&B) Isoflavone concentrations, (C&D) isoflavone yields, and (E) mass yields of red clover
solid callus cultures derived from petiole, root, or leaf tissues.
Error bars represent standard error of the mean. Letters denote significantly different means.
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Fig. 3.
A) Harvest mass yields and (B&C) isoflavone concentrations of light and dark-grown petiole,
leaf, and root solution cultures. Isoflavone analyses were performed on pooled samples (n=1)
Error bars are standard error of the mean.
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Fig. 4.
A) Harvest yield and (B&C) isoflavone concentrations of petiole—derived cell suspension
cultures treated with different levels of CuCl2 for different durations of time. Data represent
the average of 3 trials, and error bars are standard error of the mean.
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Fig. 5.
Typical RP-HPLC-PDA/UV chromatogram for isoflavones in radiolabeled, red clover,
(Trifolium pratense) petiole-derived, cell suspension culture, 80% MeOH extract monitored
at UV 262 nm. Peak identification: (1) glycitin, (2) genistin, (3) calycosin GM, (4) malonyl-
genistin, (5) ononin, (6) pratensein GM, (7) formononetin GM, (8) biochanin A 7-G, (9)
genistein, (10) pratensein, (11) formononetin, (12) irilone, (13) biochanin A.
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Table 1
Percent germination of axenic red clover seedlings after various sodium hypochlorite disinfestation treatments.

% Sodium hypochlorite Immersion time (min) % Germination

1.2 10 76

1.2 20 52

0.6 15 45

0.9 15 40

Plant Cell Tissue Organ Cult. Author manuscript; available in PMC 2009 August 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Engelmann et al. Page 18

Table 2
Percent distribution of 14C in cells, media, and dried extract of petiole-derived red clover cell suspension cultures.

Sample % of 14C-sucrose dose final 14C distribution *

Cells 38.2 ± 5.7

Media 27.3 ± 2.7

Respiration (CO2) 25.3 ± 4.8

Dried isoflavone extract 17.9 ± 4.5

*
Values are mean percentages ± SD of total administered radioactivity in three runs (1,200 μCi 14C dose per run), n=4 per run. Cultures were incubated

with 14C label for 14 d.
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Table 3
Concentrations and specific activities of isoflavones found in red clover petiole-derived cell suspension culture extract
as measured by HPLC and scintillation counting.

Isoflavone Concentration
(mg/g extract)*

Specific Activity
(μCi/g extract)*

Label Recovery
(% label in extract)

Glycitin 1.5 ± 0.6 68.1 ± 13.7 1.1 ± 0.2

Genistin 1.3 ± 0.8 44.4 ± 5.6 1.3 ± 0.2

Calycosin GM 7.4 ± 1.6 150.7 ± 44.7 2.9 ± 0.6

Malonyl-genistin 7.8 ± 1.8 162.8 ± 39.0 2.8 ± 0.5

Ononin 4.3 ± 0.7 81.7 ± 20.1 1.6 ± 0.3

Pratensein GM 5.3 ± 0.7 108.6 ± 20.3 1.5 ± 0.3

Formononetin GM 21.4 ± 2.8 167.6 ± 18.7 5.2 ± 0.6

Biochanin A 7-G 1.3 ± 0.6 47.1 ± 8.3 1.1 ± 0.4

Genistein 1.8 ± 0.6 110.3 ± 29.0 1.2 ± 0.4

Pratensein 2.6 ± 1.0 100 ± 9.1 1.4 ± 0.2

Formononetin 5.2 ± 2.4 83.8 ± 28.2 1.6 ± 0.5

Irilone 0.6 ± 0.1 51.1 ± 13.2 0.4 ± 0.1

Biochanin A 1.2 ± 1.0 58.1 ± 18.7 0.8 ± 0.2

Total 61.7 ± 3.4 1234.2 ± 148.7 22.7 ± 1.2

*
Values are means ± SD of isoflavone content, specific activity, and label recovery across three runs, n=4 for each. GM, glycosyl-malonate. G, glucoside.
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