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Abstract

Once squalene is cyclized into 2,3-oxidosqualene, ginsenosides are biosynthesized by the
activity of dammarenediol-II synthase following hydroxylation and glycosylation steps. Final
ginsenoside content is regulated by the levels of isopentenyl diphosphate and dimethylallyl
diphosphate formation in the isoprenoid pathway. Thus, ginsenoside biosynthesis is
normally modulated via the mevalonic acid (MVA) pathway and via the deoxy-xylulose
5-phosphate/2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. In order to elucidate
which pathway is involved in the production of ginsenosides in Panax ginseng Meyer, both
pathways were tested using inhibitors. Mevinolin treatment for 3 days reduced the
concentrations of seven major ginsenosides by up to 36%, whereas fosmidomycin reduced
concentrations by up to 13.2%. The intermediate MVA compound mevalonate did not affect
the total amount of ginsenosides, but fluctuation between individuals was observed.
Mevinolin treatment in model Arabidopsis plants resulted in increased chlorophyll and
carotenoid content, and these systems were found to be applicable in ginseng.
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Introduction

Many different species of plants produce triterpenoid saponins as part of their life
cycle program during growth and development. Triterpenoid saponins are large groups
of secondary metabolites that exhibit great structural diversity and a wide range of
biological activities [1-3]. These compounds, such as ginsenosides, are commercially
high-valued owing to their applications in medicine. The triterpene saponins in Panax
ginseng Meyer, referred to as ginsenosides, have been especially noted as active
compounds contributing to the efficacy of various pharmacological products [1].
Ginsenosides are synthesized via the isoprenoid pathway by the cyclization of 2,3-
oxidosqualene to give primarily oleanane or dammarene triterpenoid skeletons. The
basic backbone for the majority of triterpenoid saponins is derived from active isoprene
units such as isopentenyl pyrophosphate (IPP) and its isomer, dimethylallyl pyrophos-
phate (DMAPP) before the cyclization step (Fig. 1). In higher plants, it was revealed that
two pathways are involved in the biosynthesis of the IPP and DMAPP isoprene units.

In the case of ginsenoside production, blocking the mevalonic acid (MVA) or 2-C-
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methyl-D-erythritol 4-phosphate (MEP) biosynthetic pathways by inhibiting the key
enzymes will shed light on which pathway plays the most active role and how the two
independent pathways are cross-regulated via pathway flux perturbation.

Mevinolin blocks the conversion of 3-hydroxy-3-methylglutaryl Co-A (HMG-CoA) into
MVA by competitively inhibiting the binding of the substrate HMG-CoA to the active site
of the enzyme HMG-CoA reductase (HMGR), and consequently blocks the synthesis of
cytosolic IPP [4,5] and phytosterol biosynthesis [5,6] (Fig. 1). Mevinolin (10 ¢M) treat-
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Fig. 1. Ginsenoside biosynthesis derived from two isoprenoid precursor pathways. (A) The
cytoplasmic MVA pathway initiates the formation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) with
one acetyl-CoA and one acetoacetyl-CoA. Then HMG-CoA reductase (HMGR) synthesizes the
mevalonate (MVA). Following several enzymatic steps, isopentenyl diphosphate (IPP) and its isomer,
dimethylallyl diphosphate (DMAPP), are formed. Trans-FPP synthase (FPS) synthesize converts
DMAPP to farnesyl diphosphate (FPP), whereas GGPS synthase (GGPS) converts IPP to all-frans-
geranylgeranyl diphosphate (all-frans-GGPP). Squalene synthase catalyzes the condensation of two
FPP molecules to produce pre-squalene diphosphate and its subsequent reduction results in C30
squalene. Ginsenosides are synthesized from the C30 intermediate 2,3-oxidosqualene by ginseng-
specific dammarenediol-ll synthase (DDS). (B) The first step of the plastidic 2-C-methyl-D-erythritol-
4-phosphate (MEP) pathway produces 1-deoxy-D-xylulose-5-phosphate (DXP) by DXP reductoisome-
rase (DXR) after the combination of pyruvate and glyceraldehyde-3-phosphate. MEP is transformed
into 1-hydroxy-2-methyl-2-(E)-butenyl 4-phosphate by several enzymatic steps that ultimately result
in IPP and DMAPP synthesis. IPP and DMAPP are the basic building blocks for the specified
terpenes. Arrowheads indicate the direction of a possible biosynthetic pathway and dashed arrows
indicate more than one enzymatic step. An arrow with both sides indicates possible transport of
IPP. Blocked lines indicate inhibition of the pathway. Inhibitors used in this study are in black-outlined
boxes.
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ment for up to 7 days was previously reported to result in a reduction in ginsenoside
production, and overexpression of the target gene of mevinolin, HMGR, resulting in
increased biosynthesis of ginsenosides as well as phytosterols in transgenic ginseng
adventitious roots by constitutive overexpression of ginseng HMGR [7]. Fosmidomycin
inhibits the production of MEP from 1-deoxy-d-xylulose 5-phosphate (DXP) [8,9] by
competitively inhibiting 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR). Di-
fferent concentrations of inhibitors and the duration of incubation can affect the
inhibition rate and scale. However, treatment with less than 50 #M of mevinolin did not
alter the growth rate of ginseng hairy roots and reduced the amount of three
ginsenosides, Rbl, Re, and Rgl [10].

In this study, inhibition isoprenoid pathways were analyzed for the production of
seven ginsenosides, Rgl, Re, Rg2, Rbl, Rc, Rb2, and Rd using adventitious roots
generated from P. ginseng Meyer to elucidate the major roles of the MVA and MEP
pathways. In addition, the inhibitory effect of the MVA pathway on isoprenoid-derived
products biosynthesized via the MEP pathway was analyzed.

Materials and Methods

1. Plant materials and growth conditions

Ginseng adventitious roots generated from P~ ginseng Meyer were obtained from
Magoplants (Korea) and continuously sub-cultured on liquid B5 media (Duchefa
Biocheme, The Netherlands) with 3% sucrose and 2 mg/L indole-3-butyric acid, which
was replaced every 5 weeks. The Columbia ecotype (CS 60000) of Arabidopsis thaliana
was used in this study. Seeds were surface sterilized and sown on 1/2 MS (Duchefa
Biocheme) media containing 1% sucrose, 0.5 g/L MES (2-IN-morpholinolethanesul-
phonic acid) and 0.8% phytoagar at pH 5.7 with KOH. Three-day cold-treated seeds
were germinated under long-day conditions of 16 h light/8 h dark at 23T.

2. Treatment of isoprenoid biosynthesis inhibitors

Mevinolin (Mev) was purchased from Sigma-Aldrich (USA) and fosmidomycin from
Molecular Probes (USA). Stock solutions of Mev (10 mM) in ethanol and fosmidomycin
(100 mM) in distilled water were stored at —20C. For inhibitor treatment of ginseng
adventitious roots, after 4 weeks of pre-cultivation, 10 uM Mev or 100 ¢M fosmidomycin
was added to an Erlenmeyer flask on a shaking chamber at 23C. After 3 days of treat-
ment, harvested adventitious roots were frozen for ginsenoside analysis.

3. High-performance liquid chromatography (HPLC) analysis of ginsenosides

For the analysis of ginsenosides from adventitious roots, milled powder (0.2 g) was
soaked in 80% MeOH at 70C. After evaporation, the residue was dissolved in distilled
water (H,0), followed by extraction with H,O-saturated n-butanol. The butanol layer

was evaporated to produce the saponin fraction. Each sample was dissolved in MeOH
(1 g/5 ml), filtered through a filter (0.45 um), and used for HPLC analysis. The HPLC
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separation was carried out on an Agilent 1260 series HPLC system (USA). The sample
was detected at a wavelength of 203 nm by UV-spectrometry. Quantitative analysis was
performed with a one-point curve method using external standards of authentic gin-

senosides.

4. Chlorophyll assay

Chlorophyll and carotenoids were extracted from 50 mg of frozen tissue by homoge-
nization in cold 80% acetone (10 mg/1 mL). The concentration of total chlorophylls and
carotenoids were determined by spectral measurements as described previously [11] by

using a microtiter plate reader (BioTek Instruments, ELx800 Absorbance Microplate
Reader) at an absorbance of 480, 645, and 663 nm.

Results and Discussion

1. Inhibition with mevinolin and fosmidomycin reduced major ginsenoside content

In order to understand the major pathways involved in ginsenosides biosynthesis,
inhibitors were tested using adventitious roots generated from P. ginseng Meyer.
Triterpenoid ginsenosides are normally biosynthesized from two isoprenoid pathways,
the cytoplasmic MVA and plastidial MEP pathways (Fig. 1). The activity of the enzymes
that catalyze the first committed steps in the MVA and MEP pathways has been shown
to be blocked by the specific inhibitors mevinolin and fosmidomycin. To avoid non-
specific ginsenosides and exclude already biosynthesized ginsenosides, newly emerged
root tips were subcultured with inhibitors. Depending on different sets of adventitious
roots, small fluctuations of individual ginsenoside content could not be excluded.
Mevinolin treatment resulted in reduced total ginsenosides and the content of its seven
related major ginsenosides (Rgl, Re, Rg2, Rbl, Rc, Rb2, and Rd) (Fig. 2). It reduced
ginsenoside content by up to 36% in total (Fig. 2A) and the greatest reduction was in
Rb1, which was reduced by 55% (Fig. 2B). Total ginsenoside reduction was similar to
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Fig. 2. Mevinolin treatment reduced (A) total ginsenoside content and (B) its related individual
compounds. Four-week-old ginseng adventitious roots were treated with 10 M of mevinolin for
3 days and then used for HPLC analysis. Vertical bars indicate the mean valuestSE from three
independent experiments. ~ Significantly different from control at p<0.01. HPLC, high-performance
liquid chromatography.
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previously observed results using hairy roots [10]; however, it is interesting to note that
the Re reduced the highest in hairy roots. The starting materials, that is, the parts or
organs, as well as the ginseng cultivars used for the generation of hairy or adventitious
roots, could be factors contributing to the modulation of individual ginsenoside levels.

Fosmidomycin treatment also resulted in reduced total ginsenoside content in two
different biological repeats (Fig. 3A and 3C). The corresponding individual ginsenosides
showed few differences. When Rb1 is reduced, Rd is significantly increased and vice
versa (Fig. 3B and 3D). Depending on the specific regions of roots or incubation times
of inhibition, individual ginsenoside content can be affected. However, it is clear that
the total ginsenoside is reduced by up to 13.2% and 6.05% (Fig. 3A and 3C respectively).
Similar reduction was also observed in ginseng hairy roots focused on only three
ginsenosides, Rbl, Re, and Rgl [10]. Notably, the reduction rate was also higher as a
result of mevinolin treatment than as a result of fosmidomycin treatment [10]. These
results suggest that the MVA pathway in root tissues, might play a more important role
in triterpene ginsenoside production than the MEP pathway. It is also considerable that
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Fig. 3. Fosmidomycin treatment reduced (A and C) total ginsenoside content and (B and D) its
related individual compounds. Four-week-old ginseng adventitious roots from newly emerging root
tips were treated with 100 xM of fosmidomycin for 3 days and then used for HPLC analysis on
differen days. Vertical bars indicate the mean values+SE from three independent experiments. "~
Significantly different from control at p<0.05 and p<0.01, respectively. HPLC, high-performance liquid
chromatography.
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the other studies have reported where the MEP pathway to be more dominant in the

ginsenoside pathway within P. ginseng leaves [12].

2. Exogenous application of mevalonate does not alter ginsenoside content
Total plant sterols such as campesterol, sigmasterol and sitosterol are increased up
to 2.2-fold via enhancement of the MVA pathway [13]. Enhancement of the MVA
pathway was observed by mevalonate (MVA) treatment on growth media. In order to
understand whether the triterpene ginsenosides are also increased by MVA application,
5 mM of MVA was added in 1/2 MS liquid adventitious root culture media and grown
for an additional three days. Locations of the changes in ginsenoside content over the
3 days were analyzed, and the total amount of major ginsenosides did not differ from
that of the control (Fig. 4A). However, individual ginsenosides fluctuated. Rgl, Re, Rb2,
and Rd significantly increased, whereas Re and Rg2 decreased (Fig. 4B). The content of
the most abundant ginsenoside in adventitious roots, Rb1, was not altered (Fig. 4B). The
results suggest that the additional supply of MVA does not change total ginsenoside
content, which indicates that the individual ginsenosides keep certain amounts of
cytotoxic metabolites via homeostasis mechanisms. This strongly suggests that the
post-translational regulation of rate-limiting HMGR genes is involved [7].

3. Inhibition of the MVA pathway activates the 2—-C-methyl-D-erythritol
4-phosphate (MEP) pathway

Cross-talk between the cytosolic mevalonate and the plastidial MEP pathways has
been reported [14,15]. To observe the flux influence of MVA pathway perturbation on
the MEP pathway, Arabidopsis seedlings were treated for 4 days with mevinolin, because
this is also applicable to ginseng [7]. Chlorophylls and carotenoids are biosynthesized
via the MEP pathway (Fig. 1) as well as other secondary metabolites. Mevinolin treatment

caused a 10% increase in chlorophyll a and resulted in total chlorophyll increase (Fig.
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mevalonate (MVA) for 3 days and then used for HPLC analysis. Vertical bars indicate the mean
values+SE from three independent experiments. ~ Significantly different from control at p<0.01.
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5A). MVA inhibition by mevinolin also increased carotenoid content (Fig. 5B). As expec-
ted, fosmidomycin, which inhibits the plastidial MEP pathway, caused 47% and 43%
reductions in chlorophyll a and carotenoid content, respectively (Fig. 5). This result
supports the hypothesis that a possible transport mechanism of IPP between the two
pathways exists. In accordance with these results, an isoprene transport assay of
ginsenoside biosynthesis is needed for future evaluation.

Conclusion

The universal precursor of ginsenoside biosynthesis, isopentenyl diphosphate (IPP),
is biosynthesized by the utilization of two pathways. IPP and its isomer dimethylallyl
diphosphate (DMAPP) are so-called the five-carbon isoprene basic units. In higher
plants, it has been demonstrated that the cytoplasmic MVA pathway and the later
discovered MEP pathway are involved in the biosynthesis of the active isoprene unit [14].
The existence of natural inhibitors in both pathways provides a valuable tool for the
study of ginsenoside biosynthesis. Mevinolin, also known as a lovastatin, is a competitive
inhibitor of the key enzyme 3-hydroxy-3-methylglutaryl-coenzyme a reductase (HMGR)
in the MVA pathway. Fosmidomycin is a later identified inhibitor of the first committed
enzyme, 1-deoxy-D-xylulose-5-phosphate reductoisomerase, of the plastidial MEP
pathway. With such inhibitors at hand, it is possible to deregulate the biosynthesis
pathway and ultimately deplete metabolite production from treated cells. Our study was
therefore aimed at elucidating the main pathway of ginsenosides biosynthesis in 2
ginseng by inhibition of the MVA, and MEP pathways. Inhibition of the MVA pathway
by mevinolin for 3 days decreased total ginsenoside content by up to 36%, affecting all
7 major ginsenoside monomers tested (Fig. 2). Modulated ginsenoside content is ob-
served from the 1% day of treatment, which is greater than 3 days of treatment, and

start recovering within 7 days [7]. Depending on the inhibitor concentrations and
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Fig. 5. Effect of MVA and MEP pathway inhibitors on (A) chlorophyll and (B) carotenoid content.
Arabidopsis seedlings were exposed to 10 M lovastatin and 50 xM fosmidomycin for 4 days
and the metabolites were measured using a microtiter plate reader. Vertical bars indicate the mean
values+SE from three independent experiments. “" Significantly different from control at p<0.05 and
p<0.01, respectively. MVA, mevalonic acid; MEP, 2-C-methyl-D-erythritol 4-phosphate.
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incubation times, the rate of decrease can be even greater. Fosmidomycin also inhibited
total ginsenoside production at a lesser strength when tested at a concentration of 100
M (Fig. 3). Depending on the adventitious root age and conditions, the decrease rate
is different. However, total ginsenosides reduction by fosmidomycin inhibition was not
more than 15% (Fig. 3). This indicates that the MVA pathway may play a more important
role than the MEP pathway in the production of ginsenosides. Interestingly, exogenous
MVA supply did not alter final total ginsenosides although individual ginsenoside
monomers fluctuated (Fig. 4). This can be explained by the posttranslational modifica-
tion of rate-limiting enzymes such as HMGR [7]. Endogenous MVA production is tightly
regulated at many levels. Thus, supply of MVA seems to activate a feedback regulatory
mechanism of MVA pathway genes. Continuous inhibition of the MVA pathway stimu-
lated the MEP pathway and resulted in an increase in metabolites such as chlorophyll
and carotenoids (Fig. 5). This indicates that the cross interaction between the MVA and
MEP pathways in plants are tightly regulated. Based on these results, genetic engineering
in ginsenoside production using commercially available ginseng adventitious roots
should consider both the MVA and MEP pathways.

Conflict of Interest

The authors declare no potential conflicts of interest.

Acknowledgments

This study was supported by grants from Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT,
& Future Planning (Grant No. 2019R1A2C1004140), and from the New Breeding Tech-
nologies Development Program (Project No. PJ01652301), Rural Development Admini-

stration, Korea.

References

1. Hostettmann K, Marston A. Saponins. Chemistry and pharmacology of natural pro-
ducts. Cambridge: Cambridge University Press; 1995.

2. Vogler BK, Pittler MH, Ernst E. The efficacy of ginseng. A systematic review of
randomised clinical trials. Bur J Clin Pharmacol. 1999;55:567-575.

3. Shibata S. Chemistry and cancer preventing activities of ginseng saponins and some
related triterpenoid compounds. ] Korean Med Sci. 2001;16:528-S37.

4. Alberts AW, Chen J, Kuron G, Hunt V, Huff J, Hoffman C, et al. Mevinolin: a highly
potent competitive inhibitor of hydroxymethylglutaryl-coenzyme a reductase and a
cholesterol-lowering agent. Proc Natl Acad Sci USA. 1980;77:3957-3961.

5. Bach TJ, Lichtenthaler HK. Mevinolin: a highly specific inhibitor of microsomal
3-hydroxy-3-methylglutaryl-coenzyme a reductase of radish plants. Z Naturforsch

https://www.etals.org



seng,
& e,

Mevinolin and Fosmidomycin Inhibit Ginsenoside Production RN

https://www.etals.org

10.

11.

12.

13.

14.

15.

C. 1982:37:46-50.

. Bach TJ, Weber T, Motel A. Some properties of enzymes involved in the biosynthesis

and metabolism of 3-hydroxy-3-methylglutaryl-CoA in plants. Recent Adv Phytochem.
1990;24:1-82.

. Kim YJ, Lee OR, Oh JY, Jang MG, Yang DC. Functional analysis of 3-hydroxy-

3-methylglutaryl coenzyme a reductase encoding genes in triterpene saponin-
producing ginseng. Plant Physiol. 2014;165:373-387.

. Kuzuyama T, Takahashi S, Watanabe H, Seto H. Direct formation of 2-C-methyl-

D-erythritol 4-phosphate from 1-deoxy-d-xylulose 5-phosphate by 1-deoxy-d-
xylulose 5-phosphate reductoisomerase, a new enzyme in the non-mevalonate
pathway to isopentenyl diphosphate. Tetrahedron Lett. 1998;39:4509-4512.

. Steinbacher S, Kaiser ], Eisenreich W, Huber R, Bacher A, Rohdich F. Structural basis

of fosmidomycin action revealed by the complex with 2-C-methyl-D-erythritol
4-phosphate synthase (IspC). Implications for the catalytic mechanism and anti-
malaria drug development. ] Biol Chem. 2003;278:18401-18407.

Zhao S, Wang L, Liu L, Liang Y, Sun Y, Wu J. Both the mevalonate and the non-
mevalonate pathways are involved in ginsenoside biosynthesis. Plant Cell Rep.
2014;33:393-400.

Lichtenthaler HK. Chlorophylls and carotenoids: pigments of photosynthetic bio-
membranes. Methods Enzymol. 1987;148:350-382.

Xue L, He Z, Bi X, Xu W, Wei T, Wu S, et al. Transcriptomic profiling reveals MEP
pathway contributing to ginsenoside biosynthesis in Panax ginseng. BMC Genomics.
2019:20:383.

Nieto B, Forés O, Arr6 M, Ferrer A. Arabidopsis 3-hydroxy-3-methylglutaryl-CoA
reductase is regulated at the post-translational level in response to alterations of the
sphingolipid and the sterol biosynthetic pathways. Phytochemistry. 2009;70:53-59.
Hemmerlin A, Hoeffler JF, Meyer O, Tritsch D, Kagan IA, Grosdemange-Billiard C,
et al. Cross-talk between the cytosolic mevalonate and the plastidial methylerythritol
phosphate pathways in tobacco bright yellow-2 cells. J Biol Chem. 2003:278:
26666-26676.

Laule O, Fiirholz A, Chang HS, Zhu T, Wang X, Heifetz PB, et al. Crosstalk between
cytosolic and plastidial pathways of isoprenoid biosynthesis in Arabidopsis thaliana.
Proc Natl Acad Sci USA. 2003:100:6866-6871.

Trends Agric. Life Sci. Vol. 61 | 49



