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Abstract Rehmannia glutinosa, a cornerstone of traditional Chinese medicine, is renowned for its diverse pharmacological
properties attributed to its bioactive components. This research delves into the intricate bioactive code of R. glutinosa, focusing on
the analysis and functions of its active components. Notably, acteoside, a prominent bioactive compound, exhibits significant health
benefits, yet its biosynthetic pathway remains partially understood. Recent studies have identified a novel tyrosine decarboxylase
(RgTyDC2) from the R. glutinosa transcriptome, which plays a crucial role in the biosynthesis of acteoside by converting tyrosine
and dopa into tyramine and dopamine, respectively, with a higher catalytic efficiency towards tyrosine. Additionally, the dynamic
accumulation of various glycosides and saccharides, including catalpol, acteoside, and ajugol, has been investigated in both the roots
and leaves of R. glutinosa. This research highlights the potential of utilizing the often-discarded leaves, which contain significant
amounts of these bioactive compounds, thereby enhancing the resource value of the plant. This research synthesizes current findings
to provide a comprehensive understanding of the bioactive components of R. glutinosa, their biosynthesis, and their potential
applications in medicine.
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1 Introduction

Rehmannia glutinosa, a perennial herb belonging to the Scrophulariaceae family, has been a cornerstone in
traditional Chinese medicine (TCM) for centuries. Historically, it has been utilized for its purported benefits in
treating a variety of ailments, including anemia, diabetes, and fever. The roots of R. glutinosa, often referred to as
"Di Huang," are particularly valued and have been processed through methods such as steaming and drying to
enhance their medicinal properties (Kwon et al., 2019).

In TCM, R. glutinosa is considered a vital herb due to its wide range of pharmacological activities. It is frequently
used in formulations aimed at nourishing the blood, tonifying the kidneys, and replenishing vital essence. The
herb's significance is further underscored by its inclusion in numerous classical TCM prescriptions. Modern
research has identified several bioactive compounds in R. glutinosa, such as catalpol and acteoside, which
contribute to its therapeutic effects (Zhi et al., 2018; Li et al., 2020; Cai et al., 2024).

The primary objective of this research is to provide a comprehensive analysis of the active components of
Rehmannia glutinosa and their functions. By examining recent studies, elucidate the molecular mechanisms
underlying the biosynthesis of these bioactive compounds and their pharmacological activities, will also explore
the potential applications of these findings in enhancing the medicinal value of R. glutinosa and developing new
therapeutic agents.

2 Botanical Characteristics of Rehmannia glutinosa

2.1 Taxonomy and morphology

Rehmannia glutinosa, commonly known as Chinese foxglove, belongs to the family Scrophulariaceae. It is a

perennial herbaceous plant that has been widely used in traditional Chinese medicine for its medicinal properties,

particularly its roots (Zhang et al., 2021; Qin et al., 2022). The plant is characterized by its rosette of basal leaves

and a flowering stem that can reach up to 30~50 cm in height. The leaves are ovate to lanceolate, with a serrated
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margin, and are covered with fine hairs. The flowers are tubular, typically purple or yellow, and are arranged in a
raceme. The fruit is a capsule that contains numerous small seeds (Li et al., 2018; Xia et al., 2021a).

2.2 Geographical distribution and cultivation practices

Rehmannia glutinosa is native to China and has been cultivated for centuries in various regions, including Henan,
Shandong, and Hebei provinces. It is also grown in Korea, Japan, and northern Vietnam (Xia et al., 2021a; Qin et
al., 2022). The plant thrives in well-drained, fertile soils with a pH range of 5.5 to 7.5 and requires a temperate
climate with adequate rainfall. The cultivation of R. glutinosa involves both sexual reproduction through seeds
and asexual reproduction through rootstock. However, the latter is more common due to its higher efficiency and
reliability in producing uniform plants (Kim et al., 2020).

In Henan Province, which is a major cultivation area, R. glutinosa is typically planted in spring and harvested in
late autumn. The cultivation practices include soil preparation, planting, irrigation, fertilization, and pest
management. The soil is usually plowed and enriched with organic matter before planting. The rootstocks are
planted at a depth of 5~10 cm and spaced 20~30 cm apart. Regular irrigation is essential, especially during dry
periods, to ensure optimal growth and development (Kim et al., 2020; Zhang et al., 2021).

One of the significant challenges in the cultivation of R. glutinosa is the prevalence of viral diseases, which can
severely affect the yield and quality of the roots. Studies have identified several viruses that infect R. glutinosa,
including Rehmannia mosaic virus (ReMV), cucurbit chlorotic yellows virus (CCYV), and tobacco mild green
mosaic virus (TMGMYV) (Zhang et al., 2021; Qin et al., 2022). These viral infections are often exacerbated by the
asexual reproduction method, which can facilitate the spread of viruses through the rootstock. To mitigate this
issue, researchers have developed in vitro tissue culture methods to produce virus-free seedlings and rootstocks,
which have shown promising results in improving the productivity and quality of R. glutinosa (Kim et al., 2020).

In addition to traditional cultivation methods, modern biotechnological approaches are being employed to enhance
the production and quality of R. glutinosa. For instance, the use of scanning electron microscopy (SEM) and
quantitative taxonomy has enabled the identification and classification of different germplasms, which can be
used for breeding superior cultivars (Li et al., 2018). Furthermore, the complete chloroplast genome sequencing of
R. glutinosa cultivars has provided valuable insights into the genetic diversity and evolutionary history of the
species, which can aid in conservation and breeding programs (Xia et al., 2021b).

Overall, the cultivation of Rehmannia glutinosa involves a combination of traditional agricultural practices and
modern biotechnological techniques to ensure the production of high-quality medicinal roots. The ongoing
research and development efforts aim to address the challenges associated with viral diseases and improve the
overall productivity and sustainability of R. glutinosa cultivation (Li et al., 2018; Kim et al., 2020; Xia et al.,
2021b; Zhang et al., 2021; Qin et al., 2022).

3 Chemical Composition of Rehmannia glutinosa

3.1 Overview of phytochemical constituents

Rehmannia glutinosa, a traditional Chinese medicinal herb, is known for its diverse array of bioactive compounds.
The primary phytochemicals identified in R. glutinosa include iridoid glycosides, phenethyl alcohol glycosides,
polysaccharides, and various minor constituents. These compounds contribute to the plant's therapeutic properties,
such as anti-inflammatory, antioxidant, and hypoglycemic effects (Dai et al., 2018; Jeong et al., 2020; Pigtczak et
al., 2020).

3.2 Major bioactive components

3.2.1 Iridoid glycosides

Iridoid glycosides are among the most significant bioactive components in R. glutinosa. Key iridoid glycosides
include aucubin, catalpol, and geniposide. These compounds have been extensively studied for their
pharmacokinetic properties and biological activities. For instance, a validated method for the simultaneous
determination of aucubin, catalpol, and geniposide in rat biological samples has shown high precision and
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accuracy, making it suitable for pharmacokinetic studies (Jeong et al., 2020). Additionally, the biosynthesis of
iridoid glycosides in R. glutinosa involves several key genes, such as DXS, DXR, and GPPS, which are
upregulated under specific conditions, enhancing the accumulation of these compounds (Dong et al., 2022)
(Figure 1). New iridoid glycosides, such as rehmaglutosides L-O, have also been identified, further expanding the
understanding of this class of compounds (Liu et al., 2023).

A [ =T Ry B e .
— T
:ﬁmm'ur T2F raxw] L ] [ | [ | asabidogss st EEEEE
{=iE] Firmicuies (TOS0 dawa) [ | [ ] | =]
— - feabidugeis thalian EEEER
(= Actinnbacien (757 s a [ ] [ | seila grandifion EEEEE
=1 B raviiotesChinnb (420 & =]
—c':_.Bn... y o (421 isum) a a [ | Capsella nbelz n mE = GIOH
(5] Cyanchectera (143 taxa) AnNan arrelinn stien u LR = 10HGD
[l MeaVieinas: (68 eaa) a a a Y —erazmia nps ™ am 3 i
[HEE] smirochastales 6 aen) dda 4 : "'E:m“dmm ™ mn = DXR
== Peinocoo (4 tawa) [ ] | a e Bonchera e ™ EE = GFPS
0 Cruom e Visrmasormcroill group (37 e il [ ] a feabis alpina "] [N ] = DXs
[ Fumatecreriaies (30 faa) & a . L Eimema s b ] LN
==l Chigrofies {19 taxa) L L a anica pepaya [ ] | |
= FvabacivieAsitedac i groap (18 1) @ " a -Torenaya hasakediana [ ] e
7] Thermalogates (77 taxa) | B | 5 Theatrsma cass | | | N |
= A —e
—gauuﬂuv[?ﬁuﬂ,’ ] ] ] SE@ Gossypium ramond ] [ W |
=) Snargistacese (15 faxa) ] r -Cilivd et L] L ]
=) Panctomyreres {74 faxa) [ ] [ ] [ ] o sineomis u LN ]
=0 wncda ot Bocrarin T4 raxa] aca L L eucanypius granas ] =R Similarity Scale
HE] Mhermadesalobacienaonss (7 faxa) a [ ] . el s ATaticn L L
(={E) Deeribactaracese (& rava} HEE " x toetnc hneiden L LN
N Aitrognrneha (4 i) & n - L PP MU - mm
(=] Gammarimonadenss (3 fava) ] | ] a ..['f-i‘ D peTEcE [ "W |
B heyminpenecear (2 tnxs) EEE T ogaria HEECh o am ‘
£ HE mctyegonmus {7 e B _1[_?} s nenebiis " Em
HE armatmonadeies (2 fal EEE ; -Phmeoka wigers n (] Clade Coverage
—Hitredjeni 2, ABRZENR B e Ghpcine max [ | | N |
—Caldisaricum el L] 5 SHSRT R [ | | I |
] Coisthakota 345 fara) ada ‘I/f edbcagn Fwncatuln - L2
=] Uchptan (76 thrs) maaaa = frepisiin - -
b AT SR u [ N ] E
== Srwmancpies (T8 fasa) ana a LA u ne 3
] Trppanasamiding (5 tra) a : St Ko L -
(=] Amaetazos (4 tes) a = L : : :
{E) Cyoidhaceme 7 tazal EEE = E_ i sathis
{_—Nann‘il ki N ' 4 %t windlotn L LN
[-Guitarda tata mEm m ¢ - Bsimia i n L&
e bCOrliana Remanositonms [ ] L |
gL & Srlarm hubsisum ] L
—Erritania Fusled [ ] [ ] = I — ok 1 N
= L
_;_"""‘““““""'“"'"’ L YA Gt [ ] L |
[—Bigalowiella natans EER [ ] in vikgars [} EE
m—
L Trichomanas vaginals MeLTho rectan [ ] [
S Furyarchapot {124 toey a o poubigla cosubn ] LN ]
= Tharmiagveda (4 tie) E  —— L e AR [ | [ B |
= Thawmarsiascta (4 ) ; L Awhietha wichopods | ] [ N |
Halnferacales anchascn BLI1 o 4 ] =N
HOMGPChEM Crypioflum rymoomiirely palens [ ] L

Figure 1 Co-occurrence on iridoid glycoside synthetase genes of R. glutinosa (Adopted from Dong et al., 2022)

Image caption: (A): Gene co-occurrence of DXS, DXR, GPPS, G10H, and 10HGO in organism; (B): The co-occurrence of DXS,
DXR, GPPS, G10H, and 10HGO in plants; Similarity scale: The color indicates the similarity of gene and its homology in the given
STRING. Clade coverage: Two distinc tcolors, respectively, denote the lowest and highest similarity observed within the clade
(Adopted from Dong et al., 2022)

3.2.2 Phenethyl alcohol glycosides

Phenethyl alcohol glycosides, including verbascoside, are another important group of bioactive compounds in R.
glutinosa. These glycosides exhibit significant antimicrobial and cytotoxic activities. For example, verbascoside
has been found in high concentrations in shoots cultured under specific light conditions, demonstrating its
potential for enhanced production through controlled cultivation (Pigtczak et al., 2020). The presence of phenethyl
alcohol glycosides contributes to the plant's therapeutic effects, such as anti-inflammatory and antioxidant
activities (Zhang et al., 2019).

3.2.3 Polysaccharides

Polysaccharides from R. glutinosa have garnered attention for their immunomodulatory properties. Rehmannia
glutinosa polysaccharide (RGP) has been shown to activate dendritic cells in the mediastinal lymph node,
enhancing immune responses. This activation is characterized by increased expression of co-stimulatory
molecules and pro-inflammatory cytokines, indicating the potential of RGP as a mucosal adjuvant (Kwak et al.,
2018). Additionally, polysaccharides in R. glutinosa leaves and roots have been quantified, revealing significant
concentrations that contribute to the plant's overall bioactivity (Xu et al., 2019).

3.2.4 Other minor constituents

In addition to the major bioactive components, R. glutinosa contains various minor constituents that contribute to

its medicinal properties. These include new compounds such as rehmannia A and ionone rehmannias B-C, which
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have shown moderate activity in suppressing a-glucosidase, a key enzyme involved in carbohydrate metabolism
(Li et al., 2023). The identification of these minor constituents provides new insights into the hypoglycemic
effects of R. glutinosa and its potential for developing a-glucosidase inhibitor drugs. Furthermore, the antioxidant
activity of R. glutinosa has been linked to its diverse phytochemical profile, with certain samples exhibiting high
levels of catalpol, rehmaionoside A, and rehmannioside D, which contribute to its strong antioxidant properties
(Liu et al., 2020).

In summary, the chemical composition of Rehimannia glutinosa is complex and diverse, with iridoid glycosides,
phenethyl alcohol glycosides, polysaccharides, and various minor constituents playing crucial roles in its
bioactivity. These compounds collectively contribute to the plant's therapeutic potential, making it a valuable
resource in traditional and modern medicine.

4 Analytical Techniques for Component Identification

4.1 Chromatographic methods

4.1.1 High-performance liquid chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC) is a widely used technique for the separation, identification,
and quantification of components in complex mixtures. In the context of Rehmannia glutinosa, HPLC has been
employed to analyze various bioactive compounds, ensuring the quality and consistency of the herbal material.
The technique's high resolution and sensitivity make it ideal for detecting minor components and impurities,
which is crucial for both research and clinical applications.

4.1.2 Gas chromatography-mass spectrometry (GC-MS)

Gas Chromatography-Mass spectrometry (GC-MS) combines the features of gas-liquid chromatography and mass
spectrometry to identify different substances within a test sample. This method is particularly useful for analyzing
volatile and semi-volatile compounds. In studies involving Rehmannia glutinosa, GC-MS has been used to profile
the metabolic components and to understand the pharmacokinetics of the herb in biological systems. For instance,
the UPLC-Q-TOF/MS technique, which is closely related to GC-MS, has been applied to analyze the metabolic
profiles of bioactive components in Resimannia glutinosa, providing insights into their absorption and metabolism
in both normal and CKD rats (Tao et al., 2018).

4.2 Spectroscopic methods

4.2.1 Nuclear magnetic resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique used to determine the
structure of organic compounds. NMR provides detailed information about the molecular structure, dynamics,
reaction state, and chemical environment of molecules. In the study of Rehmannia glutinosa, NMR can be used to
elucidate the structures of complex polysaccharides and other bioactive molecules, contributing to a better
understanding of their functional properties and potential therapeutic effects.

4.2.2 Infrared spectroscopy (IR)

Infrared Spectroscopy (IR) is another essential tool for the identification of chemical compounds based on their
vibrational transitions. Fourier Transform Infrared Spectroscopy (FTIR) has been specifically utilized to analyze
the chemical composition of Rehmannia glutinosa and its extracts. FTIR, combined with second derivative
spectrum and thermal analysis, has proven effective in distinguishing subtle differences in the chemical
components of various types of Rehmannia glutinosa, thereby aiding in quality control and standardization of the
herbal material (Zhang et al., 2022).

4.3 Other analytical approaches

In addition to chromatographic and spectroscopic methods, other advanced analytical techniques have been

employed to study the bioactive components of Rehmannia glutinosa. For example, Matrix-Assisted Laser

Desorption/lonization Mass Spectrometry Imaging (MALDI-MSI) combined with machine learning has been used

to visualize the spatial distribution of oligosaccharides in processed Reimannia glutinosa. This approach not only

helps in understanding the metabolic changes during processing but also aids in the standardization and
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modernization of medicinal plant processing (Li et al., 2023). Another innovative method is Internal Extractive
Electrospray lonization Mass Spectrometry (iIEESI-MS), which, when combined with statistical techniques,
allows for high-throughput molecular differentiation of Rehmannia glutinosa samples from different origins,
providing a rapid and efficient means of quality assessment (Xu et al., 2023).

These analytical techniques collectively contribute to a comprehensive understanding of the bioactive components
in Rehmannia glutinosa, facilitating their identification, quantification, and functional analysis. This integrated
approach is essential for advancing the therapeutic applications and ensuring the quality and efficacy of this
traditional medicinal herb.

5 Pharmacological Activities of Bioactive Components

5.1 Iridoid glycosides

5.1.1 Anti-inflammatory effects

Iridoid glycosides, such as catalpol, are prominent bioactive components in Rehmannia glutinosa. These
compounds have demonstrated significant anti-inflammatory properties. For instance, catalpol has been shown to
inhibit the production of nitric oxide (NO) and suppress the expression of inducible nitric oxide synthase (iNOS),
which are key mediators of inflammation (Rahmat et al., 2022). Additionally, catalpol's ability to modulate
inflammatory pathways suggests its potential as a therapeutic agent for inflammatory diseases.

5.1.2 Neuroprotective effects

Catalpol also exhibits neuroprotective effects, making it a promising candidate for the treatment of
neurodegenerative diseases. Studies have shown that catalpol can protect neuronal cells from oxidative stress and
apoptosis, which are critical factors in the progression of neurodegenerative conditions (Ge et al., 2023). The
neuroprotective mechanisms of catalpol involve the upregulation of neurotrophic factors and the inhibition of
pro-apoptotic pathways, thereby promoting neuronal survival and function.

5.2 Phenethyl alcohol glycosides

5.2.1 Antioxidant properties

Phenethyl alcohol glycosides, such as acteoside, are known for their potent antioxidant properties. Acteoside has
been found to scavenge free radicals and reduce oxidative stress, which is beneficial in preventing cellular damage
and aging (Liu et al., 2020). The antioxidant activity of acteoside is attributed to its ability to donate hydrogen
atoms and stabilize free radicals, thereby protecting cells from oxidative damage.

5.2.2 Hepatoprotective effects

Acteoside also exhibits hepatoprotective effects, which are crucial for liver health. Research has shown that
acteoside can protect liver cells from damage induced by toxins and oxidative stress (Li et al., 2022). The
hepatoprotective mechanisms of acteoside include the enhancement of antioxidant defenses and the inhibition of
inflammatory responses in the liver, which help to maintain liver function and prevent liver diseases.

5.3 Polysaccharides

5.3.1 Immunomodulatory effects

Polysaccharides from Rehmannia glutinosa have been shown to possess significant immunomodulatory effects.
These polysaccharides can enhance the immune response by stimulating the proliferation and activation of
immune cells, such as macrophages and lymphocytes (Chen et al., 2022). The immunomodulatory properties of
these polysaccharides make them valuable for boosting the immune system and improving resistance to infections
and diseases.

5.3.2 Antitumor activities

In addition to their immunomodulatory effects, polysaccharides from Rehmannia glutinosa also exhibit antitumor
activities. Studies have demonstrated that these polysaccharides can inhibit the growth of tumor cells and induce
apoptosis, thereby reducing tumor progression (Chen et al., 2022). The antitumor mechanisms involve the
activation of immune responses against tumor cells and the direct induction of tumor cell death.
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5.4 Synergistic effects of combined components

The combined use of different bioactive components from Rehmannia glutinosa can result in synergistic effects,
enhancing their overall pharmacological activities. For example, the combination of catalpol, acteoside, and
echinacoside has been shown to enhance bone formation and prevent bone loss in diabetic rats by regulating the
IGF-1/PI3K/mTOR signaling pathways (Gong et al., 2019). This synergistic interaction highlights the potential of
using multiple components from Rehmannia glutinosa to achieve more effective therapeutic outcomes.
Additionally, the combined antioxidant and anti-inflammatory properties of these components can provide
comprehensive protection against oxidative stress and inflammation-related diseases (Liu et al., 2020; Rahmat et
al., 2022).

In conclusion, the bioactive components of Rehmannia glutinosa, including iridoid glycosides, phenethyl alcohol
glycosides, and polysaccharides, exhibit a wide range of pharmacological activities. These activities include
anti-inflammatory, neuroprotective, antioxidant, hepatoprotective, immunomodulatory, and antitumor effects. The
synergistic interactions between these components further enhance their therapeutic potential, making Rehmannia
glutinosa a valuable medicinal plant for various health conditions.

6 Mechanisms of Action

6.1 Cellular and molecular targets

Rehmannia glutinosa, a traditional Chinese medicinal herb, contains several bioactive compounds such as
acteoside, catalpol, and ferulic acid, which have been shown to target various cellular and molecular components.
Acteoside, for instance, is synthesized through the action of tyrosine decarboxylase (RgTyDC2), which converts
tyrosine into tyramine, a precursor in acteoside biosynthesis (Li et al., 2022). Similarly, ferulic acid biosynthesis
involves the enzyme caffeic acid O-methyltransferase (RgCOMT), which catalyzes the methylation of caffeic acid
(Yang et al., 2023). These enzymes are crucial for the production of bioactive compounds that interact with
cellular targets to exert their pharmacological effects.

6.2 Signal transduction pathways

The bioactive compounds in Rehmannia glutinosa influence various signal transduction pathways. For example,
phenolic compounds produced via the phenylpropanoid pathway, such as those catalyzed by cinnamate
4-hydroxylase (RgC4H), play a significant role in the plant's response to oxidative stress by activating antioxidant
systems (Yang et al., 2021). The overexpression of RgC4H enhances the plant's tolerance to oxidative stress by
modulating the phenolics/phenylpropanoid pathway, which in turn activates molecular networks that mitigate the
effects of drought, salinity, and hydrogen peroxide-induced stress (Yang et al., 2021). Additionally, the
suppression of pro-inflammatory cytokine IL-6 in lipopolysaccharide-stimulated macrophages by puffed
Rehmannia glutinosa extracts indicates the involvement of anti-inflammatory pathways (Kwon et al., 2019).

6.3 Genetic and epigenetic regulation

The biosynthesis of bioactive compounds in Rehmannia glutinosa is tightly regulated at the genetic and epigenetic
levels. The expression of genes involved in the phenylpropanoid pathway, such as phenylalanine ammonia-lyase
(RgPAL), is crucial for the production of phenolic compounds (Yang et al., 2021). Overexpression of RgPAL
genes has been shown to enhance phenolic production and release, which is associated with the development of
replanting disease due to autotoxic harm (Yang et al., 2021). Furthermore, the differential expression of genes in
radial striation (RS) and non-radial striation (nRS) tissues of Rehmannia glutinosa tuberous roots highlights the
tissue-specific regulation of catalpol and acteoside biosynthesis (Zhi et al., 2018). Transcriptome analysis has
identified key genes and transcription factors that are differentially expressed in these tissues, providing insights
into the genetic regulation of bioactive compound accumulation (Zhi et al., 2018) (Figure 2).

In conclusion, the bioactive compounds of Rehmannia glutinosa target specific cellular and molecular
components, modulate various signal transduction pathways, and are regulated by complex genetic and epigenetic
mechanisms. Understanding these mechanisms is essential for harnessing the therapeutic potential of this
medicinal herb.
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Figure 2 Expression patterns of catalpol biosynthetic unigenes between radial striations and non-radial striations of R. glutinosa
(Adopted from Zhi et al., 2018)

Image caption: (A) Biosynthetic pathway of catalpol. (B) Heat map representing expression dynamics of unigenes involved in
biosynthesis. The expression values (FPKM) for unigenes were log10 transformed and scaled across each row, and the heatmap was
generated by MultiExperiment Viewer (MeV). (C) Relative expression of candidate genes in involved in catalpol biosynthesis. These
genes expression levels were all determined by Real-time PCR (qQRT-PCR). Vertical bars indicate the standard deviation of three
biological replicates. Asterisks (*) indicate a significant difference at the p<0.05 level. Abbreviations: DXR, 1-deoxy-D-xylulose
S-phosphate reductoisomerase; GPPS, geranyl diphosphate synthase; IPI, isopentenyl-diphosphate Delta-isomerase; GES, geraniol
synthase; G10H, Geraniol 10-hydroxylase; CPR, NADPH--cytochrome P450 reductase; 10HGO, 10-hydroxygeraniol dehydrogenase;
IRS, iridoid synthase; CPM, Cytochrome P-450 monooxygenase; ALD, aldehyde dehydrogenase; UGT, Uridine diphosphate
glycosyltransferase; F3D, flavanone 3-dioxygenase; UPD, uroporphyrinogen decarboxylase; UGD, UDP-glucuronic acid
decarboxylase; SQM, squalene monooxygenase (Adopted from Zhi et al., 2018)

7 Clinical Applications and Therapeutic Potential

7.1 Current clinical use

7.1.1 Traditional formulations

Rehmannia glutinosa has been a cornerstone in traditional Chinese medicine (TCM) for centuries. It is often used
in various formulations to treat a range of ailments, particularly those related to blood sugar regulation and
immune function. Traditional formulations typically involve the use of dried or processed roots, which are
believed to possess potent medicinal properties. For instance, the hypoglycemic effects of R. glutinosa have been
well-documented, with studies showing its ability to lower blood glucose levels and improve lipid metabolism in
diabetic models (Qin et al., 2018; Li et al., 2023). Additionally, its antioxidant properties have been highlighted,

suggesting its potential in combating oxidative stress-related conditions (Liu et al., 2020).
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7.1.2 Modern herbal preparations

In recent years, modern herbal preparations of R. glutinosa have been developed to enhance its therapeutic
efficacy and ease of use. These preparations often involve the extraction and concentration of bioactive
compounds such as acteoside, catalpol, and polysaccharides. For example, PEGylation nano-adjuvants based on R.
glutinosa polysaccharides have been designed to improve drug-targeting effects and immunological functions,
showing promising results in macrophage activation and cytokine production (Huang et al., 2019). Such
advancements not only preserve the traditional benefits of R. glutinosa but also enhance its clinical applicability in
modern medicine.

7.2 Potential therapeutic applications

7.2.1 Chronic diseases

R. glutinosa has shown significant potential in the management of chronic diseases, particularly diabetes and its
complications. Studies have demonstrated that R. glutinosa and its combinations with other herbs can effectively
lower fasting blood glucose levels, improve glucose tolerance, and regulate lipid profiles in diabetic models (Qin
et al., 2018; Li et al., 2023). The identification of compounds that inhibit a-glucosidase further supports its role in
diabetes management, providing a mechanistic understanding of its hypoglycemic effects (Qin et al., 2018).
Additionally, the antioxidant properties of R. glutinosa suggest its potential in mitigating oxidative stress, a
common factor in many chronic diseases (Qin et al., 2018; Li et al., 2023).

7.2.2 Age-related disorders

The bioactive components of R. glutinosa, such as acteoside and catalpol, have been associated with anti-aging
properties. These compounds exhibit antioxidant and anti-inflammatory activities, which are crucial in combating
age-related disorders. For instance, acteoside has been shown to protect against oxidative damage and improve
cellular functions, which could be beneficial in conditions like Alzheimer's disease and other neurodegenerative
disorders (Zhou et al., 2021; Li et al., 2022). Moreover, the enhancement of ferulic acid production through
genetic engineering of R. glutinosa enzymes opens new avenues for its use in age-related therapeutic applications
(Yang et al., 2023).

7.3 Safety and toxicology

The safety profile of R. glutinosa is generally considered favorable, with traditional use spanning centuries.
However, modern studies have begun to scrutinize its safety and potential toxicological effects more rigorously.
For instance, the development of PEGylation nano-adjuvants has highlighted the importance of optimizing
preparation methods to ensure safety and efficacy (Huang et al., 2019). While no significant adverse effects have
been reported in the studies reviewed, it is crucial to conduct comprehensive toxicological assessments to confirm
the long-term safety of both traditional and modern preparations of R. glutinosa. Future research should focus on
identifying any potential toxic compounds and establishing safe dosage ranges to maximize therapeutic benefits
while minimizing risks.

In conclusion, Rehmannia glutinosa holds significant promise in both traditional and modern medical applications.
Its bioactive components offer therapeutic potential for managing chronic diseases and age-related disorders,
while ongoing research into its safety and efficacy will help to solidify its role in contemporary medicine.

8 Future Directions and Research Prospects
8.1 Gaps in current research
Despite significant advancements in understanding the bioactive components of Rehmannia glutinosa, several
gaps remain. One major gap is the limited exploration of the chemical constituents in the non-medicinal parts of
the plant, such as the stems and leaves. Recent studies have shown that these parts contain similar bioactive
compounds as the roots, yet they are often discarded during harvesting (Xu et al., 2019). This indicates a potential
for broader utilization of the plant, which has not been fully explored. Additionally, while the biosynthesis
pathways of certain compounds like ferulic acid (FA) have been elucidated, the complete metabolic networks and
regulatory mechanisms governing the production of other significant bioactive molecules remain unclear (Yang et
al., 2019). More comprehensive studies are needed to map out these pathways and understand the interactions
between different biosynthetic routes.
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8.2 Emerging technologies in phytochemical research

The advent of advanced analytical techniques has revolutionized phytochemical research, providing new
opportunities to delve deeper into the bioactive components of Rehmannia glutinosa. Technologies such as
ultra-high-performance liquid chromatography (UHPLC) coupled with triple quadrupole tandem mass
spectrometry (MS/MS) and high-performance liquid chromatography (HPLC) have enabled rapid and precise
quantification of various glycosides and saccharides in the plant (Xu et al., 2019). These methods allow for a more
detailed analysis of the dynamic accumulation of these compounds at different growth stages and in different plant
parts. Furthermore, the use of synthetic biology and metabolic engineering, as demonstrated by the reconstitution
of the FA biosynthetic pathway in Saccharomyces cerevisiae, opens new avenues for the production of
plant-derived compounds in microbial hosts (Yang et al., 2019). This approach not only facilitates the study of
complex biosynthetic pathways but also offers a scalable method for producing valuable bioactive compounds.

8.3 Prospective clinical trials and studies

To fully harness the therapeutic potential of Rehmannia glutinosa, it is imperative to conduct rigorous clinical
trials and studies. While in vitro and in vivo studies have provided insights into the pharmacological effects of its
bioactive components, clinical validation is essential to confirm their efficacy and safety in humans. Future
research should focus on designing well-structured clinical trials to evaluate the therapeutic benefits of
compounds such as catalpol, acteoside, and ferulic acid. Additionally, exploring the synergistic effects of these
compounds could lead to the development of more effective multi-component herbal formulations. The
identification and functional characterization of key enzymes involved in the biosynthesis of these compounds,
such as the RgCOMT enzyme for FA production, also pave the way for genetic and metabolic engineering
approaches to enhance the yield and consistency of bioactive components in Rehmannia glutinosa (Yang et al.,
2019). These advancements could significantly impact the development of standardized and potent herbal
medicines.

In conclusion, while substantial progress has been made in understanding the bioactive components of Rehmannia
glutinosa, addressing the existing research gaps, leveraging emerging technologies, and conducting
comprehensive clinical trials are crucial steps towards fully realizing the therapeutic potential of this valuable
medicinal plant.

9 Conclusion Remarks

Rehmannia glutinosa, a prominent medicinal plant in traditional Chinese medicine, has been extensively studied
for its bioactive components and their pharmacological activities. Key findings from recent research highlight the
identification and functional characterization of several enzymes and compounds that contribute to the
biosynthesis of these bioactive components.

Tyrosine Decarboxylase (RgTyDC2): A novel tyrosine decarboxylase was identified, which plays a crucial role in
the biosynthesis of acteoside, a significant bioactive compound in R. glutinosa. RgTyDC2 catalyzes the
conversion of tyrosine to tyramine and dopa to dopamine, with a higher efficiency towards tyrosine. The
expression pattern of RgTyDC2 correlates with acteoside accumulation, suggesting its involvement in acteoside
biosynthesis.

Caffeic Acid O-methyltransferase (RgCOMT): The functional identification of RgCOMT has elucidated its role in
the biosynthesis of ferulic acid (FA), another important bioactive compound. The overexpression of RgCOMT in
R. glutinosa significantly increased FA yield. Additionally, the reconstitution of the FA biosynthetic pathway in
Saccharomyces cerevisiae using R. glutinosa enzymes demonstrated the catalytic abilities of RgCOMT and other
related enzymes, paving the way for efficient FA production.

Dynamic Accumulation of Glycosides and Saccharides: Studies on the dynamic accumulation of glycosides and
saccharides in R. glutinosa have revealed that the leaves, often discarded as non-medicinal parts, contain
significant amounts of bioactive compounds such as catalpol, acteoside, and various carbohydrates. This finding
suggests the potential for utilizing the leaves as a valuable resource.
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Phytochemical Profile of Aerial Parts: The aerial parts of R. glutinosa have been found to contain various
ursane-type triterpenoids and glycosides, including ajugol, aucubin, and acteoside. These compounds contribute to
the phytochemical diversity and potential medicinal value of the aerial parts, which have been less studied
compared to the roots.

The findings from these studies open several avenues for future research:

Biosynthetic Pathways: Further elucidation of the biosynthetic pathways of key bioactive compounds in R.
glutinosa is essential. Understanding the molecular mechanisms and regulatory networks involved can lead to the
development of strategies for enhancing the production of these compounds through genetic engineering or
optimized cultivation practices.

Utilization of Non-Medicinal Parts: The discovery of significant bioactive compounds in the leaves of R.
glutinosa suggests the need for comprehensive studies on the potential medicinal uses of these parts. Research
should focus on the extraction, characterization, and pharmacological evaluation of compounds from the leaves to
fully exploit the plant's medicinal potential.

Metabolic Engineering: The successful reconstitution of biosynthetic pathways in heterologous systems like
Saccharomyces cerevisiae highlights the potential for metabolic engineering to produce bioactive compounds.
Future research should explore the optimization of these systems for large-scale production and the exploration of
other host organisms for biosynthesis.

Phytochemical Diversity: Continued exploration of the phytochemical diversity in different parts of R. glutinosa,
including less-studied aerial parts, can lead to the discovery of new bioactive compounds. Advanced analytical
techniques and bioinformatics tools should be employed to identify and characterize these compounds.

The research on Rehmannia glutinosa has significantly advanced our understanding of the biosynthesis and
functional roles of its bioactive components. The identification of key enzymes such as RgTyDC2 and RgCOMT,
along with the dynamic accumulation of glycosides and saccharides, underscores the plant's complex metabolic
network and its potential for medicinal applications. The findings also highlight the untapped potential of the
plant's non-medicinal parts, suggesting a more holistic approach to its utilization.

Future research should focus on unraveling the complete biosynthetic pathways, exploring the medicinal value of
all plant parts, and leveraging metabolic engineering for the sustainable production of bioactive compounds. By
doing so, we can fully unlock the therapeutic potential of Rehimannia glutinosa and contribute to the development
of novel medicinal products.

._ ................................................................................... _.
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