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Monotropein, a principal natural compound in iridoid glycosides extracted from
Morindae officinalis radix, has potent pharmacological activities. To understand
and utilize monotropein, we systematically summarized the studies on
monotropein, including its biosynthetic pathway, physicochemical properties,
pharmacokinetics, and pharmacology. Interestingly, we found that the multiple
bioactivities of monotropein, such as anti-osteoporosis, anti-inflammation, anti-
oxidation, anti-nociception, and hepatic or renal protection, are closely associated
with its capability of downregulating the nuclear factor-κB signaling pathway,
inhibiting the mitogen-activated protein kinase signaling pathway, attenuating the
activation of nuclear factor E2-related factor 2/heme oxygenase-1 signaling
pathway, and regulating the mammalian target of rapamycin/autophagy
signaling pathway. However, the clinically therapeutic effects and the potential
problems need to be addressed. This review highlights the current research
progress on monotropein, which provides a reference for further investigation
of monotropein.
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1 Introduction

Traditional Chinese herbal medicine has been verified and applied in long-term clinical
practice and has become a major source of diverse potential medical products characterized
by their potent biological activities and minor side effects. Monotropein, extracted from
Morinda officinalis How, Pyrola calliantha H. Andres or Pyrola decorata H. Andres (Wen
et al., 2019; Yu et al., 2021), is the most abundant constituent in iridoid glycosides found in
Morindae officinalis radix (about 13 mg/g) (Zhang et al., 2017). According to the theory of
traditional Chinese medicine,M. officinalis radix is used to improve the syndrome of kidney
Yang deficiency, wherein monotropein is the main component for “reinforcing kidney to
strengthen Yang” (Zhang C. et al., 2022) and has pharmacological activities that are
responsible for the therapeutic effects in patent medicine (Wang et al., 2019; Choi et al.,
2020). Reportedly, monotropein is a critical marker compound in plant affinity, specificity of
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secondary metabolite accumulation, traditional efficacy correlation,
blood component, processing correlation, and component
measurability, as well as the core element contributing to
intervening diseases and controlling quality transfer (Huang
et al., 2022). To reveal its potential in drug development, this
review systematically summarizes the studies on monotropein
with respect to its biosynthetic pathway, physicochemical
properties, pharmacokinetics, pharmacological effects, and
molecular mechanisms to provide comprehensive information for
further in-depth studies on monotropein.

2 Biosynthesis, extraction and isolation,
physicochemical properties,
pharmacokinetics, and
pharmacological activities of
monotropein

2.1 Biosynthesis

The iridoids and iridoid glycosides belong to cyclic monoterpene
derivatives with cyclopentane as the structural unit, including two
types of iridoid and secoiridoid. As the basic nucleus of iridoids,
iridoid consists of cyclic alkenyl ethers and alcoholic hydroxyl group
in C1, which makes this semiacetal hydroxyl an active site, linking to
1–3 glucoses as glycosides in medicinal plants. The biosynthesis of
monotropein is the conversion of a simple natural product into a
complex desired product in an organism under enzymatic
conditions. It is effectuated in three phases as follows: Firstly, the
intermediates of isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) are generated in phase Ⅰ, which is the origin
of phytochemistry. Subsequently, geranyl diphosphate (GPP) is
generated based on the condensation of IPP or DMAPP in a
head-tail or head-head manner under geranyl pyrophosphate
synthase (GPPS), a demarcation point of producing various
terpenes and alkaloids, including iridoids and iridoid glycosides.
Notably, IPP and DMAPP are generated from mevalonic acid
(MVA) biosynthetic pathway in the cytoplasm and
methylerythritol phosphate (MEP) pathway in chloroplasts, and
the IPP and DMAPP from two sources could exchange mutually.
Although the emergence of the MVA pathway plays a key role in the
evolution of plants that facilitates land colonization, embryo
development, and adaption to new and varied environments (Pu
et al., 2021), accumulating evidence supports that the MEP
biosynthetic pathway is the dominant in synthesizing IPP and
DMAPP to iridoids and iridoid glycosides (Hong et al., 2003;
Burlat et al., 2004; Oudin et al., 2007; Zhang et al., 2012). In
phase Ⅱ, the intermediate product and basic nucleus of iridoid
are synthesized via dephosphorylation, oxidation, and cyclization
in sequence. Specifically, GPP is transformed into geraniol through
dephosphorylation. Furthermore, 10-hydroxygeraniol, 10-
oxogeraniol (or 10-hydroxygeranial), and 10-oxogeranial are
synthesized sequentially by chain oxidation. Importantly, the first
cyclization is formed for cyclopentane structure unit and cis-trans-
iridodial, which are the key skeletons in the phytochemistry of
iridoids and iridoid glycosides and are catalyzed from 10-
oxogeranial under iridoidsynthase (IS) (Geu-Flores et al., 2012).
Finally, the basic iridoid of cis-trans-nepetalactol with cyclic alkenyl

ethers and alcoholic hydroxyl is formed through enol tautomerism
and nucleophilic addition reaction to cis-trans-iridodial in the
second cyclization. Phase Ⅲ is a post-modification process,
including hydroxylation, glycosylation, methylation, acylation, or
binding to small molecules, wherein various secondary metabolites
are synthesized based on cis-trans-nepetalactol (Wu and Liu, 2017).
Typically, the proposed biosynthetic pathway of monotropein is
derivatized from loganin/deacetylasperulosidic acid dynamic route
(Figure 1) (De Luca et al., 2014; Miettinen et al., 2014; Salim et al.,
2014; Song et al., 2014; Yang et al., 2018). Monotropein and
deacetylasperulosidic acid from M. officinalis root are secondary
metabolites and volatile at 1.27–21.78 mg/g and 3.16–5.01 mg/g,
respectively, suggesting that the quality control based on the content
determination of monotropein or deacetylasperulosidic acid should
be improved (Zhao et al., 2018a).

2.2 Extraction and isolation

Monotropein is abundant in the root, stem, and leaf of M.
officinalis, with the highest content in the leaf (about 2%). During
the two to six growth periods, the content of monotropein
accumulates continually (Feng et al., 2017). In addition, M.
officinalis is distributed in the south of China. The content of
monotropein in M. officinalis is greatly affected in different
habitats. The order of content of the wild samples of M.
officinalis is Hainan < Guangdong < Guangxi, and that in the
cultivated samples is Fujian < Guangdong < Guangxi (Liu D. F.
et al., 2010). As the roots of M. officinalis are the medicinal parts
used in traditional Chinese medicine, the preparation procedure for
monotropein is mainly focused on the roots.

Chemically, the structure of monotropein consists of polar
groups, such as carboxyl and hydroxyl. Monotropein is soluble in
ethyl acetate, n-butanol, acetone, and easily soluble in ethanol,
methanol, aqueous alcohol solution, and water. M. officinalis
contains oligosaccharides and polysaccharides, and hence,
monotropein is extracted with aqueous alcohol solution. Because
the water medium has a swelling effect for the medicinal materials, it
is more conducive to use methanol or ethanol to penetrate and
dissolve, thus improving the extraction rate of monotropein in M.
officinalis. The yields rate could be about 2.17% by ultrasonic
extraction with 80% methanol aqueous solution after the material
was pulverized to a coarse powder (Xu and Ding, 2007). Moreover, a
valuable reference is provided that the combination of traditional
water decoction and biological enzyme technology could be
introduced into the extraction of monotropein from M.
officinalis. With the optimization of enzyme amount, the
temperature during enzymolysis, the ratio of material to liquid,
and the extraction time, the yield of monotropein could be
13.61 mg/g, which is much higher than the traditional water
decoction extraction (4.08 mg/g) (Song et al., 2018).

The appropriate isolation is based on a high extraction rate with
the advantages of energy conservation, environmental friendliness,
labor protection, and low production risk. Monotropein can also be
extracted using heated reflux extraction with 80% ethanol. The
mixed decoction is concentrated to thickened paste with no
alcohol flavor in the hypobaric environment. Then, the paste is
dispersed with water and further extracted with petroleum ether,
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ethyl acetate, and n-butanol successively. The n-butanol-extracted
delamination is collected to obtain the extract, which is redispersed
with water and loaded onto the macroporous resin to enrich the
iridoids and remove the impurities of polysaccharide with gradient
elution of water and 30%, 60%, and 95% ethanol. The 30% ethanol
elution is collected, as it contains the most abundant content of
iridoids. Finally, the extracts are repeatedly separated using normal
and reversed-phase column chromatography, on which highly pure
monotropein could be obtained (Peng et al., 2008). Importantly, one
patent was suitable for the mass preparation of monotripein. M.
officinalis (200 g) is pulverized to powder and mixed with 2 L of 50%
ethanol, followed by ultrasonic extraction twice. The decoction is
mixed and condensed to thick paste that is dispersed with water and
loaded onto polyamide resin after filtration. First, the deionized
water is used to remove the water-soluble impurity, and 30% ethanol
is used in elution until the eluent is colorless. Then, the collected
ethanol elution is then concentrated and crystallized for 6 h, and
105 g crude crystal can be obtained. The crude crystal is solubilized
by heat ethyl acetate and re-crystallized for 7 h. After refiltration, the
crystal is dried at a low temperature. This approach of isolation
retrieved 0.17 g monotropein, with 97.4% purity (quantified using
high-performance liquid chromatography) and 0.0828% yield (mass
ratio of obtained pure monotropein to the raw plant of M.
officinalis). High efficiency can be achieved because ultrasonic
wave promotes the penetration of solvent into the plant, with
low energy consumption and cost as opposed to heated reflux
extraction. The use of 30% ethanol ensures less toxicity
compared with methanol. Finally, usage of ethyl acetate as the
crystallization solvent reduces the production risk, and
recrystallization can guarantee high purity of monotripein,

wherein the complexity of repeated column chromatography and
consumption of a large number of organic reagents can be avoided
(Liu J. et al., 2010).

2.3 Physicochemical properties

Monotropein is a white crystalline solid or amorphous powder
with bitter taste. In the color reaction of monotropein, turquoise
blue, blue converted into purple, and blue-black could be observed
when monotropein is treated with antimony trichloride,
phosphomolybdic acid, and concentrated hydrochloric acid,
respectively. Moreover, the ultraviolet (UV) and infrared (IR)
absorption spectra are as follows: UV λmax (MeOH) = 235 nm,
logε = 3.80, and IR νmax (KBr) = 3,580, 1700, 1,675, 1,645, and
1,618 cm–1 (Chen and Xue, 1987). Given that the identification of
monotropein might be inaccurate in the microscale (mass ratio at
0.01–1%) or trace (mass ratio <0.01%) analysis, the mass
spectrometry-based techniques are considered robust approaches
with the advantages of high sensitivity, high selectivity, high
resolution, and rapidity (Ma et al., 2021). Hence, the
identification accuracy could be enhanced by interpreting the
type and abundance of ion fragments as the basic data, such as
acquisition rate, resolution, precursor ion mass window, fragmental
voltage, or collision energy, which could be retrieved from the
instrument performance and parameter settings (Kind et al.,
2018). Electron spray ionization was used to obtain the mass
spectra in either positive or negative ion modes, and higher
sensitivity could be achieved in the negative ion mode (Zhou
et al., 2018). In addition, the stability of iridoid glycosides is

FIGURE 1
The proposed biosynthesis of monotropein.
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lower in the positive ion mode than in the negative ion mode, in
which a series of garbage fragment ions could be produced easily. In
contrast, abundant information of fragment ions for interpreting the
structure with less interference from the background could be
obtained in the negative ion mode (Li et al., 2013). The mass
fragmental regularity of monotropein occurs in two stages. The
neutral functional substitution groups are separated from the parent
nucleus, and the main and typical losses are H2O (18 Da), CO2

(44 Da), glucose residue (Glc) (162 Da), and glucose (180 Da).
Moreover, the dihydropyran and glucose rings are fractured due
to hemiacetal structure isomerization. The characteristic ions
formed from parent ring breakage can be used to identify the
structure of the parent nucleus (Zhao et al., 2018b). The
proposed fragmentation pattern of monotropein in the negative
ion mode of ESI-MS/MS is summarized in Figure 2A (Heffels et al.,
2017; Zhao et al., 2018b).

Monotropein is converted into deacetylasperulosidic acid in
acidic artificial gastric fluids (pH = 1.41) without any enzyme but
not in alkaline artificial intestinal juice (pH = 6.88) or neutral
aqueous solution (Wang et al., 2011). Interestingly, a
diametrically opposed result was also observed, in which
monotropein was stable in simulated gastric fluid (pH = 1.2) and
intestinal fluid (pH = 6.8) (Zhou et al., 2018). Regarding the acid
rearrangement in biosynthetic pathway, monotropein had the
potential of conversion into deacetylasperulosidic acid. And pure
monotropein or that in complex extraction of major iridoid
glycosides from M. officinalis under acid condition could be
partly converted to deacetylasperulosidic acid (Zhang et al., 2017;
Shen et al., 2018; Shen et al., 2019). As monotropein is usually orally

administered, it is necessary to investigate the fragmentation pattern
of deacetylasperulosidic acid, which could be distinguished based on
retention behavior, accurate mass, fragment ions, and neutral losses
and further validated using standard compounds. As the isomers of
monotropein, deacetylasperulosidic acid have distinct polarity and
similar chromatographic behavior and mass spectrometry
information (m/z fragmentation transition of both compounds as
408 → 211), while its retention time is always <5 min in reverse
column with monotropein syringed first (Shen et al., 2018). Notably,
the monotropein and deacetylasperulosidic acid may not be
separated under specific chromatographic conditions or samples
containing excessive interfering substances (Yu et al., 2021). In
addition, the signals of deacetylasperulosidic acid are similar to
monotropein with respect to accurate mass, fragment ions, and
neutral losses. Consequently, the fragmentation pattern (Figure 2B;
Table 1) could not be explained by the structural difference in
monotropein and deacetylasperulosidic acid (Wang et al., 2017;
Zhao et al., 2018b; Zhao et al., 2018), which need to be elucidated by
comparing the ion abundance to identify the deacetylasperulosidic
acid. This acid displays the prior losses of Glu and Glc residues from
principal [M-H]– ion at m/z 389.1098, and an apparent fragment ion
[M-H-Glc]– at m/z 227.0556 was identified by a loss of a glucose
residue, following a loss of a CO2 from [M-H-Glu]– at m/z
209.0447 or [M-H-Glc]– at m/z 227.0556 (Zhao et al., 2021).

Monotropein can be quantified using high-performance liquid
chromatography with UV detection. However, owing to the
limitations of low specificity, sensitivity, and accuracy, this
method is not a satisfactory option. As a common analytical
method in mass spectrometry, multiple reaction monitoring

FIGURE 2
The proposed fragmentation pathway of monotropein (A) and deacetylasperulosidic acid (B) in negative ion mode of ESI-MS/MS. Solid-line arrows
indicated higher probability and dotted-line arrows indicated lower probability in fragmental process.
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(MRM) is widely recognized for its high specificity, accuracy,
automatic throughput, sensitivity, reproducibility, and wide linear
dynamic range. Due to less interference by other components in the
samples, mass spectrometry with MRM mode overcomes the issue
of poor resolution of high-performance liquid chromatography.
Combined with high-performance liquid chromatography, mass
spectrometry with MRM mode is recommended to quantify
monotropein.

2.4 Pharmacokinetics

From the perspective of therapeutic or economic benefit, it is
crucial to investigate the pharmacokinetic behavior of monotropein
in absorption, distribution, metabolism, and excretion.
Monotropein was well absorbed in the Caco-2 cell monolayer
model, and the bilateral apparent permeability coefficients (Papp)
at low concentrations were significantly greater than those at
medium or high concentrations. After the addition of verapamil
hydrochloride, the Papp of monotropein changed slightly, indicating
that the carrier was not required in the intestinal absorption. Also,
monotropein was passively transported across the transmembrane
and showed self-inhibition at the specific concentrations (Zhang D.
et al., 2022). In the intestinal perfusion model, the small intestine
was the main absorption site after oral administration. The Papp and
absorption rate constant (Ka) of monotropein and
deacetylasperulosidic acid at pH = 7.4 were higher than those at
pH = 6.8 and 5.4. In addition, the self-inhibition phenomenon
depended on the perfusion concentration, suggesting that the dosage
of the drug was a vital factor influencing self-absorption. Moreover,
the Ka of monotropein was jejunum > duodenum > ileum, and that
of deacetylasperulosidic acid was ileum > duodenum > jejunum. In

the same intestinal segment, the Ka of monotropein was less than
that of deacetylasperulosidic acid. In summary, the monotropein
and deacetylasperulosidic acid could be well absorbed in different
intestinal segments referring to Papp > 0.2 × 10−4 cm/s (Fagerholm
et al., 1996; Hua et al., 2021). The primary absorption sites for
monotropein and deacetylasperulosidic acid were jejunum and
ileum, respectively.

The pharmacokinetic properties of monotropein orally
administered at different doses (10, 20, and 40 mg/kg) in rats
were determined accurately. Thus, plasma concentration-time
curves suggested that monotropein was absorbed rapidly, in
which the time reaching the peak concentration (Tmax) ranged
from 1.3 to 1.4 h, and the half-time of elimination (T1/2) ranged
from 2.9 to 4.5 h among the three gradient doses, and the maximum
plasma concentration (Cmax) of monotropein was about
11.2–327.6 ng/mL. The Cmax and the area under the curve
(AUC0-t) appeared linear over the dose range of 10–40 mg/kg,
which was in accordance with linear dynamic characteristics
(Zhou et al., 2018).

Notably, the pharmacokinetic behavior is easily influenced by
gender, disease state, the complexity of multiple components system,
and processing of Chinese medicine (Franconi and Campesi, 2017;
Zhang et al., 2019; Cao et al., 2021; Guo et al., 2022). The
pharmacokinetic parameters of monotropein differed markedly
between male and female rats. The Cmax, AUC0-t, and
bioavailability of monotropein were higher in female rats than in
male rats, but the apparent volume of distribution (Vd) and
clearance (CL) of monotropein were lower in female rats,
indicating that monotropein was cleared more slowly in female
than in male rats. For the complex chemical system, the perturbation
from other co-existing components could not be ignored. After
administration of major iridoids (50 mg/kg) and ethanol extracts

TABLE 1 The fragmental ions of monotropein and deacetylasperulosidic acid in negative ionization mode.

Compounds Precursor ion (m/z) Product ion (m/z) Solvent References

Monotropein 389 [M-H]− 227, 191, 165, 147, 135, 119 Methanol and water (50:
50, v/v)

Zhou et al. (2018)

Monotropein 389.0098 [M-H]− 227.9874, 226.9836, 164.9952, 146.9876, 118.9832 Methanol Zhao et al.
(2018b)

Monotropein 435 [M + Formate]−,
389 [M-H]−

371, 345, 327, 227, 209, 191, 183, 165, 147 Distilled water Heffels et al.
(2017)

Monotropein 389.1066 [M-H]− 226.9712, 190.9609, 165.0189, 164.9873, 146.9802, 146.9305 Methanol Yu et al. (2021)

Monotropein 389.1092 [M-H]− 227.0547, 209.0442, 183.0649, 165.0548, 137.0604, 119.0353,
89.0256

Water Shen et al. (2018)

Deacetylasperulosidic
acid

389.0139 [M-H]− 345.0210, 226.9836, 208.9785, 183.0025, 164.9978, 146.9901,
118.9854, 88.9905

Methanol Zhao et al.
(2018a)

Deacetylasperulosidic
acid

435 [M + Formate]−,
389 [M-H]−

371, 345, 327, 227, 209, 191, 183, 165, 147 Distilled water Heffels et al.
(2017)

Deacetylasperulosidic
acid

389.1072 [M-H]− 227.0082, 190.9921, 165.0189, 146.9305 Methanol Yu et al. (2021)

Deacetylasperulosidic
acid

389.1089 [M-H]− 227.0558, 183.0658, 179.0567, 161.0455, 113.0238 Methanol Zhao et al. (2018)

Deacetylasperulosidic
acid

389.1098 [M-H]− 227.0556, 209.0447, 165.0551, 147.0445, 139.0389, 119.0359,
89.0258, 59.0176

Water Zhao et al. (2021)
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(1,650 mg/kg) of M. officinalis How. (equivalent to 20 mg/kg
monotropein), the Cmax, T1/2, AUC0-t, and AUC0-∞ of
monotropein in the rats treated with major iridoid glycosides
were higher than those in the rats treated with monotropein,
while the Tmax was shortened in the rats treated with major
iridoid glycosides. This finding implied that monotropein had
high bioavailability with facilitated absorption, increased
exposure, and prolonged residence time in similar substances
with major iridoid glycosides. In addition, the Cmax, AUC0-t,
AUC0-∞, and absolute bioavailability of monotropein in the
rats treated with ethanol extracts were lower than those in rats
treated with major iridoid glycosides. The Vd and CL of
monotropein in the treatment of ethanol extracts were much
higher than those in the treatment of major iridoid glycosides,
implying that monotropein was eliminated and distributed in the
tissue rapidly under a complex chemical system with co-existing
multi-components in the ethanol extracts fromM. officinalis How.
(Table 2) (Shen et al., 2018). Interestingly, the different enrichment
methods for major iridoid glycosides with mutative elution
conditions and filling materials or preparation methods for M.
officinalisHow. Guided by traditional Chinese theory might lead to
different (even opposite) trends in the pharmacokinetic behavior
(Li et al., 2016; Shi et al., 2017).

We showed that the tissue distribution of monotropein could be
rapid and wide in the order of kidney > stomach > small intestine >
liver > heart > lung > spleen and was eliminated rapidly without long-

term accumulation in the above tissues, following oral administration
at 20 mg/kg dose in rats. The content ofmonotropein wasmuch lower
in the spleen than in other tissues. The high content in the kidney
indicated that the majority of monotropein was prone to elimination
in the kidney (Zhou et al., 2018). Correspondingly, monotropein was
widely distributed in the tissues or organs, including small and large
intestine, spleen, stomach, liver, kidney, lung, thymus, heart,
hypothalamus, marrow, ovary, testis, and uterus after oral
administration of iridoid glycosides (equivalent to 40 mg/kg
monotropein) at 100 mg/kg major in the rats of both sexes.
Monotropein could be quantified using ultra-high performance
liquid chromatography-tandem mass spectrometry, with optimized
fragmentation transition as 408→ 211. Specifically, monotropein was
widely distributed into the extravascular system ofmale or female rats.
About 12 and 24 h post-oral administration, monotropein became
undetectable. The highest content of monotropein was detected in the
stomach and intestine, followed by spleen, kidney, heart, and testis at
1, 2, and 24 h in male rats. The highest content of monotropein in the
female rats was observed in the uterus, ovary, marrow, hypothalamus,
and liver at 0.5 and 1 h. In addition to the intestine and stomach,
monotropein was present at a higher concentration in the spleen and
heart of the male rats, while the content of monotropein in the liver,
marrow, and hypothalamus in female rats was higher than that in
male rats (Shen et al., 2018). The investigation of pharmacokinetics
provided valuable information for developing monotropein or
medical products containing monotropein.

TABLE 2 Pharmacokinetic parameters of monotropein following oral administration.

Parameters Units Chemical system

Monotropein Major iridoids of MO Major iridoids of MO Ethanol extracts of MO

Cmax ng/mL 188.9 ± 37.9 451 ± 35 213.28 ± 36.72 265 ± 82

Tmax H 1.3 ± 0.4 0.92 ± 0.14 2.08 ± 0.74 1.17 ± 0.29

T1/2 H 2.9 ± 1.6 7.11 ± 2.18 1.66 ± 0.45 3.00 ± 0.45

AUC0-t ng·h/mL 1,114.0 ± 599.1 1,505 ± 189 1,014.13 ± 286.61 875 ± 182

AUC0-∞ ng·h/mL 1,217.8 ± 603.3 1,585 ± 279 1,370.15 ± 285.71 877 ± 182

AUMC0-∞ ng·h/mL NA 8,546 ± 5,804 NA 3,064 ± 882

MRT H NA 5.17 ± 2.58 3.99 ± 0.83 3.47 ± 0.43

CL L/g·h NA 0.032 ± 0.006 0.018 ± 0.007 8.51 ± 2.61

Vd L/g NA 0.32 ± 0.04 0.043 ± 0.021 1.932 ± 0.361

CL/F L/g·h 0.022 ± 0.015 NA NA NA

Vd/F L/g 0.10 ± 0.032 NA NA NA

F % NA 3.69 ± 0.65 NA 2.04 ± 0.42

Dosage mg/kg 20 50 20,000 1,650

Equivalent dosage for monotropein mg/kg 20 19.3 16.8 20.95

Gender NA NA Male rats Male rats Male rats

Administration style NA p.o p.o p.o p.o

References NA Zhou et al. (2018) Shen et al. (2018) Li et al. (2016) Shen et al. (2018)

Cmax, maximum plasma concentration; T1/2, elimination half-life; Tmax, time to reach Cmax; AUC, area under the concentration-time curve; AUMC, area under the first moment curve; MRT,

mean residence time; Vd, volume of distribution; CL, clearance; F, absolute bioavailability. MO, Morindae officinalis radix; NA, not available.
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Strikingly, gut microbiota also plays a crucial role in drug
metabolism. Although there are few direct reports on the
microbiota metabolism of monotropein, its metabolic behavior
could be implied by the microbiota metabolism rule of some
typical iridoids. The metabolites and metabolic pathways of five
representative iridoids, including catalpol, geniposide, asperuloside,
gentiopicroside, and morroniside, were investigated in the intestinal
bacteria from adriamycin-induced nephropathic rats. After
incubation for 24 h, the response values of aglycones of
geniposide and morroniside were high, whereas the prototypes
and aglycones of catalpol, asperuloside, and gentiopicroside were
low. Nitrogenous metabolites of geniposide, asperuloside,
gentiopicroside, and morroniside could be detected, and the
content was related to the incubation time. In addition, the five
iridoids could be easily metabolized by rat intestinal bacteria
through phase I metabolic reactions, including hydrolysis,
oxidation, and methylation reaction, whereas no phase Ⅱ
metabolites were detected in anaerobic incubation system in vitro
(Li et al., 2019; Shi et al., 2022). This finding implied that
monotropein has similar metabolic behavior to these five
representative iridoids, due to their similar chemical structure.

2.5 Pharmacological effects

2.5.1 Improvement of osteoporosis
Osteoporosis is a systemic metabolic disease in the bone

characterized by a decrease in bone mass and bone strength,
increasing the risk of bone fracture. It is clinically manifested as
a decrease in bone formation, an increase in bone resorption, loss of
bone mass and quality, and deterioration of bone microarchitecture
(Lupsa and Insogna, 2015). In terms of postmenopausal
osteoporosis, estrogen deficiency is a leading cause of bone loss,
which directly accelerates the differentiation of osteoclasts,
promotes apoptosis in bone cells, and suppresses the activity of
osteoblasts. Importantly, macrophage colony-stimulating factor
(M-CSF) secreted from bone cells and osteoblasts, receptor
activator of nuclear factor-κB ligand (RANKL), and the content
of osteoprotegerin (OPG) are increased when estrogen is deficient,
which indirectly intensifies the differentiation of osteoclasts
(McNamara, 2010). Due to the negative effects of estrogen
deficiency on bone, immunity could be affected in
postmenopausal individuals, which might induce bone
destruction, displaying a chronic inflammatory phenotype with
abnormal cytokine expression and disturbed immune cell profile.
These immune cells interact with osteoclasts and osteoblasts via cell-
cell contact or paracrine, influencing the bone cells via OPG/
RANKL, interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-α). For example, specific subtypes of T lymphocytes secrete
TNF-α, which induces osteoblast apoptosis and osteoclastogenesis
via RANKL produced by B cells, triggering bone loss. Th-17 cells
generate IL-17, which induces the differentiation of mesenchymal
stem cells towards the osteogenic lineage and promotes the
differentiation of osteoclasts. B lymphocytes regulate osteoclast
formation by releasing granulocyte colony-stimulating factor and
OPG/RANKL in estrogen deficiency. Moreover, neutrophils play a
crucial role in bone homeostasis, of which over-activation under the
condition of estrogen deficiency triggers osteoblast apoptosis by

releasing reactive oxygen species (ROS) and increasing
osteoclastogenesis via RANKL signaling pathway. Furthermore,
mast cells might be associated with the development of
postmenopausal osteoporosis due to the high storage of
osteoclastic mediators (such as RANKL and IL-6) in their
granules and the high cell number in osteoporotic bone (Sindhu
et al., 2020; Fischer and Haffner-Luntzer, 2022).

Notably, monotropein has prospects of intervening in primary
osteoporosis, including postmenopausal and senile osteoporosis.
The number of osteoclasts differentiated from RAW264.7 cells
induced by RANKL could be significantly decreased by
monotropein. And monotropein inhibited osteoclast formation
by decreasing the generation of nuclear factor of activated T cells
and cytoplasmic 1 (NFATC1) in vitro, which is the signaling
transduction terminal target for RANKL and plays an essential
role in modulating the activity of osteoclasts (Song et al., 2019;
Wang and He, 2020). In addition, the decreased activity of
osteoblasts resulting from hydrogen peroxide (H2O2) could be
reversed by monotropein at 0.001, 0.005, and 0.01 μg/mL
in vitro, in which monotropein decreased TNF-α, IL-1, IL-6, and
ROS levels and increased the content of alkaline phosphatase (ALP),
matrix metalloproteinases (MMP), and M-CSF. In addition, it
downregulated the protein levels of casepase-3, casepase-9,
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), and nuclear factor-kappa B (NF-κB) p65 and
upregulated the protein expression of silent information regulator
1 (SIRT1). This finding suggested that monotropein improved the
osteoblast capacity of anti-oxidant, proliferation, differentiation,
and ossification by regulating the NF-κB signaling pathway and
inhibiting inflammatory cytokine production (Zhu et al., 2016; Zhu
et al., 2019). Intriguingly, the proliferation of preosteoblast MC3T3-
E1 was increased when exposed to monotropein at 10, 25, 50, and
100 μM. The activity of ALP was significantly increased after
incubation with monotropein for 72 h, and mineralization of
MC3T3-E1 cells after incubation with monotropein for 28 days
was increased, as assessed by alizarin red staining (Zhang et al.,
2016).

The treatment of monotropein (40 or 80 mg/kg/day) for four
successive weeks exhibited a protective effect on the ovariectomy-
induced osteoporosis in mice, as indicated by the augmentation of
mineral content and density in bone and improvement of bone
microstructure, including bone volume fraction (for instance, the
volume ratio of bone to tissue), structure model index, the bone
surface to bone volume, trabecular thickness, trabecular separation
and number, and connectivity density. Moreover, monotropein
enhanced the elastic modulus of the femur and maximum load
and stress and reduced the serum levels of IL-1, IL-6, and soluble
RANKL (Zhang et al., 2016). Except for estrogen deficiency,
inflammation also contributes greatly to bone metabolism and
the occurrence of osteoporosis (Loi et al., 2016). This finding
suggested that monotropein markedly improved bone
microarchitecture and suppressed bone mass reduction by
reducing the release of inflammatory cytokines and enhancing
bone formation in lipopolysaccharide (LPS) and ovariectomy-
induced osteoporotic mice. Moreover, monotropein could
promote the activity and proliferation of ALP, mineralization of
bone matrix, and the generation of osteopontin in osteoblastic
MC3T3-E1 cells exposed to LPS. Moreover, monotropein
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reduced the generation of IL-6 and IL-1β, suppressed the nuclear
translocation of NF-κB p65 and p50, and downregulated the
phosphorylation of p65 and NF-κB inhibitor kinase, suggesting
that monotropein could alleviate inflammation via the
inactivation of NF-κB signaling pathway (He et al., 2018). Thus,
monotropein can be served as promising medicine for anti-
osteoporosis.

2.5.2 Anti-oxidative effects
Postmenopausal and senile osteoporosis is induced by the

accumulation of ROS (Davalli et al., 2016). Because of estrogen
deficiency and aging, senile and postmenopausal females have
excessive production and accumulation of ROS in a higher
oxidative stress status, leading to impaired bone microstructure
and osteoporosis (Mohamad et al., 2020). Oxidative stress can
damage the cellular components in osteoblasts, which is an
essential initiating factor to impair bone formation in
postmenopausal osteoporosis (Baek et al., 2010; Cervellati et al.,
2013). Dysfunction of the anti-oxidants causes a redox imbalance,
resulting in a state of peroxidation and difficulty in the removal of
ROS. The three classes of anti-oxidant defense systems eliminating
peroxides and free radicals include anti-oxidant substances
(glutathione, vitamin C, vitamin E, melatonin, ferritin, and
ceruloplasmin), anti-oxidant enzymes (superoxide oxidoreductase,
catalase, and glutathioneperoxidase), and repair enzymes
(glycosylase, AP-endonuclease, DNA polymerase for DNA repair,
phospholipase A2, and acyltransferase for lipid peroxide
metabolism). Glutathione/oxidized glutathione (GSH/GSSG)
conversion involves the phosphatidylinositol 3-kinase/protein
kinase B-nuclear factor E2-related factor 2/heme oxygenase-1
(PI3K/Akt-Nrf2/HO-1) signaling pathway, and the anti-oxidant
enzyme-mediated mitochondrial apoptosis pathway in osteoblasts
is essential for the development of postmenopausal osteoporosis
(Yang et al., 2022). Typically, oxidative stress is a key process of
uncoupling between osteoblasts and osteoclasts in osteoporosis
diseases (Kimball et al., 2021). The Nrf2/HO-1 signaling pathway
is central in producing endogenous anti-oxidant enzymes. As a
response to oxidative damage, Nrf2 is translocated into the nucleus,
wherein it modulates the downstream anti-oxidant HO-1, which
antagonizes ROS-induced oxidative stress (Waza et al., 2018; Zu
et al., 2018). In addition, chloroquine, an autophagy inhibitor,
mitigates bone loss and inhibits osteoclastic activity in
ovariectomized mice (Florencio-Silva et al., 2018). Strikingly,
autophagy is crucial in the pathophysiology of bone metabolism
and cell cycle, including cell differentiation and function, with a
critical role in osteoporosis (Yin et al., 2019; Li et al., 2020).
Intriguingly, autophagy in bone cell is inversely related to bone
loss and oxidative stress status in rats with estrogen deficiency
induced by ovariectomy, and hence, the treatment targeting
oxidative stress and autophagy could be a feasible approach in
clinical setting (Yang et al., 2014; Ezzat et al., 2018).

H2O2 is a stable ROS that can diffuse through cell membranes
and induce the generation of O2

− by activating nicotinamide adenine
dinucleotide phosphate oxidase. Monotropein suppresses the H2O2-
evoked ROS production in osteoblasts, which induces autophagy
and exerts a protective effect on osteoblasts from cytotoxicity of
H2O2. Moreover, it markedly ameliorates H2O2-induced oxidative
stress by reducing the expression of malondialdehyde (MDA),

superoxide dismutase (SOD), and catalase. Remarkably,
monotropein downregulates the phosphorylation of Akt,
mammalian target of rapamycin (mTOR), and the two
downstream proteins (4EBP1 and p70S6K). The treatment of
monotropein enhances autophagy in osteoblasts by upregulating
the LC3-II/LC3-I ratio and Beclin1 expression. However, the effect
of monotropein could be suppressed by the mTOR activator
MHY1485 and Akt activator SC79. Consequently, the anti-
oxidant effect of monotropein was partially modulated by
boosting autophagy via Akt/mTOR signaling pathway (Shi et al.,
2020).

Moreover, oxidative stress induces cellular injury and
endothelial dysfunction, which mainly contributes to aging
diseases. Monotropein enhanced the viability of H2O2-induced
human umbilical vein endothelial cells (HUVECs). H2O2-
mediated upregulation of proinflammatory cytokines, MDA, and
endothelial cell adhesion factors were reduced by monotropein,
while it reversed H2O2-induced downregulation of glutathione
peroxidase (GSH-Px) and SOD activities. Furthermore,
monotropein inhibited cellular apoptosis, NF-κB activation, and
activator protein one expression in H2O2-stimulated HUVECs.
However, the anti-apoptotic, anti-oxidative, and anti-
inflammatory effects of monotropein could be counteracted by
NF-κB activator. Accumulating evidence indicated that
monotropein attenuated H2O2-induced oxidative stress and
inflammation by regulating NF-κB/activator protein 1 (Jiang
et al., 2020). The anti-oxidant capacities of monotropein against
H2O2-induced oxidative stress cytotoxicity were investigated in
PC12 cells, with IC50 value of 6.13 μg/mL (Yang et al., 2017).

Interestingly, monotropein could greatly ameliorate
nephrotoxicity and decrease the generation of serum creatinine
and blood urea nitrogen in mice with cisplatin-induced acute
kidney injury (AKI). It also inhibited cisplatin-induced oxidative
stress by increasing the activities of SOD, GSH, and catalase and
decreasing MDA expression. The alleviation of cisplatin-induced
AKI bymonotropein was correlated with the activation of Nrf2/HO-
1 signaling pathway, the inhibition of NF-κB signaling, and the
regulation of apoptosis. These results suggested that monotropein
could apparently alleviate cisplatin-induced AKI as a potential agent
to attenuate the side effect of cisplatin (Zhang Y. et al., 2020).

Angiogenesis is essential for wound healing, especially that
caused by chronic and ischemic injuries. New generated blood
vessels are crucial for tissue recovery because they can provide
cells at the wound site with oxygen and nutrition. The alleviation
of oxidative stress-induced impairment and the promotion of
differentiation of endothelial progenitor cells (EPCs) is essential
for relieving ischemic injuries. Notably, EPCs are mononuclear
progenitor cells in the bone marrow that can differentiate into
endothelial lineage cells with vasculogenic effects (Asahara and
Kawamoto, 2004). Monotropein significantly promoted the
migration and tube formation of EPCs derived from bone
marrow and prevented programmed cell death induced by tert-
butyl hydroperoxide via apoptosis and autophagy by decreasing
intracellular ROS generation and restoring mitochondrial
membrane potential. These phenomena might be regulated by
mTOR/p70S6K/4EBP1 signaling pathway and adenosine
monophosphate-activated protein kinase (AMPK)
phosphorylation. Moreover, wound healing was accelerated by
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monotropein in rats, as suggested by decreased healing time,
decreased macrophage infiltration, and increased blood vessel
formation. Overall, monotropein could improve wound healing
in vivo by promoting differentiation and mobilization of bone
marrow-derived EPCs and protecting against apoptosis and
autophagy via inhibiting the AMPK/mTOR pathway; this
observation deemed that monotropein is a valuable agent for
wounds related to endothelial injury (Wang et al., 2018). In a
molecular compatibility study, monotropein could synergistically
exert antioxidant activity. MAS (monotropein, astragalin, and
spiraeoside) promoted spermatogenesis in rats induced by
varicocele by modulating the expression of cytokine and sex
hormones and decreasing oxidative stress, endoplasmic reticulum
stress, and apoptosis (Karna et al., 2019). Together, these studies
suggested that monotropein is valuable in the prevention and
treatment of oxidative stress-related diseases.

2.5.3 Anti-nociceptive and anti-inflammatory
effects

Previous studies showed that the stretching episodes and
prolonged action time in mice and acute paw edema in rats
could be significantly reduced after oral pre-treatment of
monotropein at 20 and 30 mg/kg/day through a classic hot plate
and writhing anti-nociceptive model or carrageenan-induced anti-
inflammatory model, suggesting its potential anti-inflammatory and
anti-nociceptive values (Choi et al., 2005). In addition, monotropein
strongly inhibited the generation of nitric oxide and TNF-α.
Desacetylasperuloside acid had no obvious activity against nitric
oxide but had a specific TNF-α inhibitory activity (Shi et al., 2021),
which revealed that the hydroxyl group at C-6 could decrease the
activity, and the esterification of carboxyl group could enhance the
activity (Recio et al., 1994; Viljoen et al., 2012). Furthermore, the
major iridoid glycosides from M. officinalis had similar biological
activity, enriched by XDA-1 macroporous resin, and the content of
monotropein and deacetylasperulosidic acid was 35.9% and 25.9%,
respectively. The major iridoid glycosides from M. officinalis
significantly reduced the twisting frequency caused by acetic acid
in mice and greatly decreased the air pouch granuloma in mice and
the cotton pellet granuloma weight in rats at 50, 100, and 200 mg/kg.
And these compounds also could significantly alleviate the paw
swelling and decrease the weight loss, arthritic score, spleen index,
and the serum content of IL-1β, IL-6, and IL-17a in complete
Freund’s adjuvant-induced arthritic rats. An in vitro study
showed that major iridoid glycosides from M. officinalis had an
inhibitory effect on the release of inflammatory cytokines and the
expression of COX-2, iNOS, and proteins associated with NF-κB
signaling pathways and mitogen-activated protein kinase (MAPK)
in LPS-stimulated RAW264.7 macrophages (Zhang Q. et al., 2020).

Moreover, monotropein exerted a chondroprotective activity by
decreasing the proinflammatory cytokines, including TNF-α, IL-1β,
and prostaglandin E2, in the knee joint tissue of osteoarthritic rats.
The anti-catabolic and anti-apoptotic effects of monotropein on
chondrocytes of osteoarthritic rats exposed to IL-1β were explored
in vitro. In IL-1β-stimulated chondrocytes, monotropein
ameliorated apoptosis at 25, 50, and 100 μg/mL. As a response to
monotropein treatment, the production of MMP-3 and MMP-13
was markedly reduced, and the release of collagen type II alpha1 was
increased. Hence, the anti-catabolic and anti-apoptotic activity of

monotropein in chondrocytes supported the possibility of its
therapeutic role in osteoarthritis (OA) (Wang et al., 2014).
Monotropein inhibited the generation of COX-2, iNOS, IL-1β,
and TNF-α mRNA in LPS-induced RAW264.7 macrophages.
Monotropein treatment reduced the DNA binding activity of NF-
κB. Consistently, monotropein downregulated the phosphorylation
and degradation of inhibitory κB-α and consequently, the
translocation of NF-κB. Furthermore, monotropein decreased the
disease activity index, the activity of myeloperoxidase, and the
expression of proteins related to inflammation by NF-κB
inactivation in the colitis model induced by dextran sodium
sulfate (Shin et al., 2013). Secondary liver injury occurs in
patients with inflammatory bowel disease (Restellini et al., 2017),
and monotropein might potentially alleviate secondary liver injury
due to chronic colitis. It alleviated hepatic pathological damage
caused by dextran sodium sulfate, infiltration of macrophages, liver
parameters, and cytokine generations. The underlying mechanism
of attenuating liver injury was closely related to the inactivation of
the toll-like receptor 4 (TLR4)/NF-κB signaling pathway and
downregulation of NLRP3 (NOD-, LRR-, and pyrin domain-
containing protein 3) inflammasome (Chen et al., 2020). Taken
together, monotropein inhibits the production of inflammatory
mediators via NF-κB inactivation to intervene in colitis and its
secondary disease. In summary, monotropein has a good
performance in anti-nociceptive, anti-arthritic, and anti-
inflammatory activities via NF-κB and MAPK signaling pathways.

2.5.4 Treatment of muscle atrophy
Importantly, monotropein improved muscle atrophy caused by

dexamethasone by increasing muscle mass and strength in mice,
which was associated with the increase in myosin heavy chain
expression and the decrease in atrogin-1, muscle ring finger-1,
and myostatin generation in the C2C12 myotubes and skeletal
muscle in mice via activated Akt/mTOR/FOXO3a signaling
pathway. Thus, monotropein is valuable in the prevention or
treatment of muscle atrophy (Wang et al., 2022). The potential
underlying mechanism of monotropein is outlined in Figure 3.
Remarkably, the multiple bioactivities of monotropein, such as
anti-osteoporosis, anti-oxidation, anti-inflammation, anti-
nociception, and hepatic or renal protection, are closely
associated with its capability of attenuating the activation of
Nrf2/HO-1 signaling pathway, inhibiting MAPK signaling
pathway, downregulating the NF-κB signaling pathway, and
regulating the mTOR and autophagy signaling pathway.

2.5.5 Pharmacological activity of
deacetylasperulosidic acid

Importantly, deacetylasperulosidic acid, the metabolite of
monotropein, exhibits various bioactivities, such as anti-
oxidation, anti-inflammation, immune balance recovery, and
improvement of obesity. For example, the treatment of
deacetylasperulosidic acid decreased MDA and increased SOD
activity in a dose-dependent manner (15, 30, and 60 mg/kg), with
no influence on serum glutathione peroxidase activity, suggesting
that deacetylasperulosidic acid could increase the catalase activity
(Ma et al., 2013). In addition, deacetylasperulosidic acid inhibited
the low-density lipoprotein-induced oxidation (63.8% ± 1.5%) at
20 μg/mL (Kim et al., 2005). In the case of anti-inflammation,
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deacetylasperulosidic acid suppressed the gene expression and
secretion of cytokines and chemokines correlated with atopic
dermatitis, such as TNF-α, IL-4, IL-1, IL-8, IL-6, IL-25, IL-33,
macrophage-derived chemokines, thymic stromal lymphopoietin,
thymus and activation-regulated chemokines, and monocyte
chemoattractant protein-1 in HMC-1, HaCaT, and EOL-1 cells.
Deacetylasperulosidic acid reduced histamine secretion in HMC-1
cells and controlledMAPK phosphorylation and the translocation of
nuclear factor-kappa light chain enhancer of activated B cells into
the nucleus by suppressing the decomposition of IκBα. Furthermore,
deacetylasperulosidic acid stimulated the expression of proteins,
such as involucrin and filaggrin in HaCaT cells, related to skin
barrier functions. This finding confirmed that deacetylasperulosidic
acid could mitigate atopic dermatitis by restoring immune balance
and improving skin barrier function (Oh et al., 2021b). To recover
immune balance, deacetylasperulosidic acid ameliorated pruritus
and skin barrier dysfunction in atopic dermatitis induced by 2,4-

dinitrochlorobenzene in NC/Nga mice (Oh et al., 2021a).
Deacetylasperulosidic acid also inhibited the suppression of
immunity mediated by cells with immunosuppressive substances
isolated from freeze-dried ascites of Ehrlich carcinoma-bearing mice
(EC-sup). In addition, it inhibited the decrease in IL-2 release in EC-
sup-treated mice, while the natural killer cells could be activated in
normal mice (Murata et al., 2014). For the improvement in obesity,
deacetylasperulosidic acid could bind to peroxisome proliferator-
activated receptor alpha with ligand efficiency similar to that of
fenofirate and decreased proliferation of mature adipocytes, but not
preadipocytes. The lactic dehydrogenase leakage was decreased by
43.03% after the treatment of deacetylasperulosidic acid in steatotic
HepG2 cells at 50 μM. In the hyperlipidemic model induced by
Triton WR-1339, 50 mg/kg deacetylasperulosidic acid remarkably
lowered the triglyceride, total cholesterol, and low-density
lipoprotein cholesterol levels by 40.27%, 46.00%, and 63.65%,
respectively. In high-fat diet-fed animals, treatment with

FIGURE 3
The various bioactivities of monotropein are associated with multiple signaling pathways. The crucial signaling pathways were displayed above,
including NF-κB signaling pathway, PI3K-Akt signaling pathway, MAPK signaling pathway (depending on JNK signaling pathway), Nrf2/HO-1 signaling
pathway and autophagy signaling pathway. RANKL, receptor activator of nuclear factor-κB ligand. RANK, receptor activator of nuclear factor-κB. TLR4,
toll like receptor 4. MMP-3, matrix metalloproteinases 3. MMP-13, matrix metalloproteinases 13. Nrf2, nuclear factor E2-related factor 2. HO-1,
Heme oxygenase-1. NFATC1, nuclear factor of activated T-cells, cytoplasmic 1. NF-κB, Nuclear factor-κB. MAPK, mitogen-activated protein kinase. Akt,
protein kinase B. mTOR, mammalian target of rapamycin. p70S6K, p70 ribosomal protein S6 kinase. JNK, c-JunN-terminalkinase. 4EBP1, eukaryotic
initiation factor 4E binding protein 1. ROS, reactive oxygen species. iNOS, inducible nitric oxide synthase. COX-2, cyclooxygenase-2. TNF-α, tumor
necrosis factor-alpha. IL-1β, interleukin-1beta. c-FOS, c-FOS protein. COL2A1, collagen Type II alpha 1. TRAF6, TNF receptor-associated factor 6. IκB,
inhibitor of NF-κB. NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain containing protein 3.
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deacetylasperulosidic acid at 10 mg/kg decreased body mass index
and ratio of abdominal circumference to thoracic circumference
without influencing the specific rate of body mass gain. It also
improved serum lipid, phosphatase, and transaminase contents in
animals fed high-fat diet. The administration of
deacetylasperulosidic acid lowered hepatocyte steatosis and
adipocyte hypertrophy, suggesting its usefulness for the
management of obesity (Esakkimuthu et al., 2019). Moreover,
deacetylasperulosidic acid had a moderated activity for
preventing the binding of SARS-CoV-2 spike protein to
angiotensin-converting enzyme 2 for infection to host cells (West
and Deng, 2021).

2.6 Toxicity

Although there are no studies on the toxicity of monotropein,
some indirect evidence suggested that M. officinalis (the content of
monotropein and deacetylasperulosidic acid were 35.9% and 25.9%,
respectively) had no obvious toxicity at a maximum dose of
22.5 g/kg (Zhang Q. et al., 2020). It was also indicated that M.
officinalis (the content of monotropein and deacetylasperulosidic
acid were 38.6% and 23.6%, respectively) at the dose of 22.5 g/kg by
oral administration did not cause any death in mice (Shen et al.,
2018). Acute toxicity tests in mice demonstrated that ethanolic
extracts of M. officinalis radix at a cumulative dosage of
250 g/kg/day also did not cause any death within 3 days (Zhang
et al., 2000). However, direct evidence is required for the
confirmation of the safe clinical application in the drug
development of monotropein.

3 Discussion and conclusion

According to the theory of traditional Chinese medicine, M.
officinalis radix enters the channel tropism of the liver and kidney
and has the efficacy of tonifying kidney yang, dispelling wind and
dampness, and strengthening tendons and bones with monotropein
as the most abundant iridoid glycoside (Zhang et al., 2018; Kang
et al., 2022). Consistently, monotropein is prone to accumulate in
the kidney and liver, with a higher concentration in renal tissue, and
is eliminated quickly with no long-term accumulation, deeming that
the kidney and liver are vital target organs. Also, it was observed that
most of the monotropein after oral administration was excreted
through the kidney and liver. With a multitude of drug transporters
and drug-metabolizing enzymes in the liver and kidney, the
disposition of monotropein and its metabolites should be
identified. The drug metabolizing enzymes mainly include
cytochrome P450 enzyme, UDP-glucuronyltransferase,
dihydropyrimidine dehydrogenases, sulfotransferases, and
glutathione S-transferase, metabolizing monotropein via
demethylation, oxidation, dehydrogenation, glucuronidation,
sulfation, and glutathione (Kaur et al., 2020). The drug-
metabolizing enzyme-mediated drug-drug interactions, including
transport-transport, metabolism-metabolism, and transport-
metabolism interplay, should be considered to assess the risks or
benefits of drug combination with monotropein (Backman et al.,
2016). Remarkably, this review proposed that monotropein had

excellent anti-osteoporotic, anti-oxidative, anti-nociceptive, and
anti-inflammatory bioactivities due to its ability of
downregulating the NF-κB signaling pathway, inhibiting the
MAPK signaling pathway, mitigating the activation of Nrf-2/HO-
1 signaling pathways, and modulating the mTOR/autophagy
signaling pathway. These pieces of evidence suggested that
monotropein has a prospective value in drug development for
osteoporosis and kidney diseases, especially in anti-osteoporosis.

Since postmenopausal osteoporosis is a multifaceted disease, the
current therapeutic strategies of targeting osteocytes might not be
sufficient. Thus, comprehensive approaches, such as improvement
of systemic peroxidation state, chronic inflammatory stress, and
immune status, as well as regulation of bone homeostasis, should be
taken into consideration for treating postmenopausal osteoporosis.
Also, disrupted gut microbial homeostasis, iron metabolism, cellular
aging and stress, advanced glycation end products, and microRNA
contributed to the pathogenesis of osteoporosis (Che et al., 2020;
Yang et al., 2020; Chandra and Rajawat, 2021; Ge et al., 2022; Guan
et al., 2022). Thus, the influence of monotropein on these biological
processes should be explored.

Moreover, back pain is the most common symptom in patients
with osteoporosis because of tension in muscular structures, joint
imbalance, osteoporosis-related fractures, and skeletal deformities
(Nagae et al., 2006; Iolascon et al., 2012), which also causes bodily
changes (sensory, affective, and cognitive aspects). Acute pain is
discovered in patients with fractures correlated with osteoporosis,
wherein vertebral compression fractures experience high pain
intensity and exert specific back pain (Sawicki et al., 2021).
Severe osteoporosis can be characterized by chronic pain, mainly
back pain. The pain in osteoporosis is related to osteoclast activity,
central sensitization, neuropeptides, age-related raised density of
sensory nerve fibers, and activation of the acid-sensing nociceptors
(Catalano et al., 2017). The main reason is that high resorption in the
bone can cause pathological changes in the bone sensory nerve
fibers, with an overexpression of nociceptors sensitized by low
pH environment. Overall, pain prevention is related to the
optimal therapeutic strategy of osteoporosis, and multiple
approaches are required for pain management in patients with
osteoporosis to preserve and improve the quality of life (Julius
and Basbaum, 2001; Mediati et al., 2014; Mattia et al., 2016).
Therefore, monotropein has multiple advantages in managing
pain and intervening etiologies of osteoporosis, based on its
various pharmacological activities.

It was also demonstrated that iridoids could be metabolized by
intestinal microbiota via hydrolysis, oxidation, reduction, and
methylation reaction, with the generation of nitrogenous
metabolites. Because of the high safety and rapid elimination, it
is predicted that monotropein might undergo biological
transformation via phase I reaction in intestinal microbiota,
combined with hydrophilic endogenous molecules (phase II
reaction) to form water-soluble metabolites, which will accelerate
its excretion. Non-etheless, whether potential toxic metabolites, such
as reactive dialdehyde intermediates, are produced during the
metabolism by microbiota is yet to be elucidated.

Notably, monotropein converts slightly into
deacetylasperulosidic acid during the extraction process,
separation, and storage due to its structure instability, which
poses significant challenges to the development and application
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of the drug (Wang et al., 2011). This necessitates a comparative
study between monotropein and deacetylasperulosidic acid. In
addition, the low bioavailability and fast elimination of
monotropein caused by its strong polarity could not be ignored.
Currently, few studies have been conducted to improve the chemical
stability, total synthesis, structural modification, structure-activity
correlations, bioavailability, and drug delivery systems, which would
be helpful in improving the biological activity in drug development.
Moreover, the approach to obtaining monotropein mainly depends
on medicinal plant extraction, separation, and purification.
Therefore, it is encouraging to develop the biosynthesis of this
secondary metabolite, which is anticipated to be highly efficient,
energy-saving, and environmental-friendly. More importantly,
given the several bioactivities of monotropein, the clinical trial of
monotropein is encouraged, especially in the treatment of
osteoporosis and/or related complications, which would provide
significant benefits to human health. In summary, this review
provides a comprehensive overview of the basic information of
monotropein, which could be valuable for related studies.

Author contributions

MW and ZY designed the frame of manuscript andMWwrote the
manuscript. HL,WP, and XZ collected and organized the data. KY, LZ,
and HT were responsible for technical guidance and quality control of
the manuscript. ZY proofread data and revised this manuscript. All
authors approved of the submission of this manuscript.

Funding

The work was supported by grants from the Technology
Innovation Project for Young Plants of Science and Technology
Department of Sichuan Province (2019048), Key Research and
Development Projects of Science and Technology Department of
Sichuan Province (2019YFS0541), and Zheng School Inheritance
Project of Sichuan Orthopedic Hospital (2021ZS01). The funding
agencies had no role in the study design, collection, analysis, or
interpretation of data, writing of the report, or making decision to
submit the article for publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Asahara, T., and Kawamoto, A. (2004). Endothelial progenitor cells for postnatal
vasculogenesis. Am. J. Physiol. Cell. Physiol. 287 (3), C572–C579. doi:10.1152/ajpcell.
00330.2003

Backman, J. T., Filppula, A. M., Niemi, M., and Neuvonen, P. J. (2016). Role of
cytochrome P450 2C8 in drug metabolism and interactions. Pharmacol. Rev. 68 (1),
168–241. doi:10.1124/pr.115.011411

Baek, K. H., Oh, K. W., Lee, W. Y., Lee, S. S., Kim, M. K., Kwon, H. S., et al. (2010).
Association of oxidative stress with postmenopausal osteoporosis and the effects of
hydrogen peroxide on osteoclast formation in human bone marrow cell cultures. Calcif.
Tissue Int. 87 (3), 226–235. doi:10.1007/s00223-010-9393-9

Burlat, V., Oudin, A., Courtois, M., Rideau, M., and St-Pierre, B. (2004). Co-
expression of three MEP pathway genes and geraniol 10-hydroxylase in internal
phloem parenchyma of Catharanthus roseus implicates multicellular translocation of
intermediates during the biosynthesis of monoterpene indole alkaloids and isoprenoid-
derived primary metabolites. Plant J. 38 (1), 131–141. doi:10.1111/j.1365-313X.2004.
02030.x

Cao, L. J., Zhan, S. Y., Ji, X. Y., Zheng, N. H., Ye, C. Y., Chen, Z. Y., et al. (2021).
Research advance in multi-component pharmacokinetics of Chinese herbal extracts in
recent five years. China J. Chin. Materia Medica 46 (13), 3270–3287. doi:10.19540/j.
cnki.cjcmm.20210310.601

Catalano, A., Martino, G., Morabito, N., Scarcella, C., Gaudio, A., Basile, G., et al.
(2017). Pain in osteoporosis: From pathophysiology to therapeutic approach. Drugs
Aging 34 (10), 755–765. doi:10.1007/s40266-017-0492-4

Cervellati, C., Bonaccorsi, G., Cremonini, E., Bergamini, C. M., Patella, A., Castaldini,
C., et al. (2013). Bone mass density selectively correlates with serum markers of
oxidative damage in post-menopausal women. Clin. Chem. Lab. Med. 51 (2),
333–338. doi:10.1515/cclm-2012-0095

Chandra, A., and Rajawat, J. (2021). Skeletal aging and osteoporosis: Mechanisms and
therapeutics. Int. J. Mol. Sci. 22 (7), 3553. doi:10.3390/ijms22073553

Che, J., Yang, J., Zhao, B., Zhang, G., Wang, L., Peng, S., et al. (2020). The effect of
abnormal iron metabolism on osteoporosis. Biol. Trace Elem. Res. 195 (2), 353–365.
doi:10.1007/s12011-019-01867-4

Chen, Y., Lu, Y., Pei, C., Liang, J., Ding, P., Chen, S., et al. (2020). Monotropein
alleviates secondary liver injury in chronic colitis by regulating TLR4/NF-κB signaling

and NLRP3 inflammasome. Eur. J. Pharmacol. 883, 173358. doi:10.1016/j.ejphar.2020.
173358

Chen, Y. W., and Xue, Z. (1987). Chemical constituents study for.Morinda officinalis
Bull. Chin. Materia Medica 12 (10), 37–38.

Choi, B. R., Pyo, J. S., Yeo, M. S., Kim, M. G., Shin, Y. S., Lee, S. W., et al. (2020).
Comparative pharmacokinetic and bioavailability studies of monotropein,
kaempferol-3-O-glucoside, and quercetin-4’-O-glucoside after oral and
intravenous administration of motiliperm in rats. J. Mens. Health 16, E57–E70.
doi:10.15586/jomh.v16iSP1.235

Choi, J., Lee, K. T., Choi, M. Y., Nam, J. H., Jung, H. J., Park, S. K., et al. (2005).
Antinociceptive anti-inflammatory effect of monotropein isolated from the root of
Morinda officinalis. Biol. Pharm. Bull. 28 (10), 1915–1918. doi:10.1248/bpb.28.
1915

Davalli, P., Mitic, T., Caporali, A., Lauriola, A., and D’Arca, D. (2016). ROS, cell
senescence, and novel molecular mechanisms in aging and age-related diseases. Oxid.
Med. Cell. Longev. 2016, 3565127. doi:10.1155/2016/3565127

De Luca, V., Salim, V., Thamm, A., Masada, S. A., and Yu, F. (2014). Making iridoids/
secoiridoids and monoterpenoid indole alkaloids: Progress on pathway elucidation.
Curr. Opin. Plant Biol. 19, 35–42. doi:10.1016/j.pbi.2014.03.006

Esakkimuthu, S., Nagulkumar, S., Darvin, S. S., Buvanesvaragurunathan, K., Sathya,
T. N., Navaneethakrishnan, K. R., et al. (2019). Antihyperlipidemic effect of iridoid
glycoside deacetylasperulosidic acid isolated from the seeds of Spermacoce hispida L. - a
traditional antiobesity herb. J. Ethnopharmacol. 245, 112170. doi:10.1016/j.jep.2019.
112170

Ezzat, S., Louka, M. L., Zakaria, Z. M., Nagaty, M. M., and Metwaly, R. G. (2018).
Autophagy in osteoporosis: Relation to oxidative stress. J. Cell. Biochem. 1−9,
2560–2568. doi:10.1002/jcb.27552

Fagerholm, U., Johansson, M., and Lennernäs, H. (1996). Comparison between
permeability coefficients in rat and human jejunum. Pharm. Res. 13 (9), 1336–1342.
doi:10.1023/a:1016065715308

Feng, H. Y., Zeng, L. J., Huang, H., Mo, Y. C., Zhang, X. Q., Liang, Z., et al. (2017).
Study of the distribution and accumulation of rubiadin, monotropein and
polysaccharide in roots, stems and leaves of Morinda officinalis. West China
J. Pharm. Sci. 32 (2), 208–210. doi:10.13375/j.cnki.wcjps.2017.02.030

Frontiers in Pharmacology frontiersin.org12

Wu et al. 10.3389/fphar.2023.1109940

https://doi.org/10.1152/ajpcell.00330.2003
https://doi.org/10.1152/ajpcell.00330.2003
https://doi.org/10.1124/pr.115.011411
https://doi.org/10.1007/s00223-010-9393-9
https://doi.org/10.1111/j.1365-313X.2004.02030.x
https://doi.org/10.1111/j.1365-313X.2004.02030.x
https://doi.org/10.19540/j.cnki.cjcmm.20210310.601
https://doi.org/10.19540/j.cnki.cjcmm.20210310.601
https://doi.org/10.1007/s40266-017-0492-4
https://doi.org/10.1515/cclm-2012-0095
https://doi.org/10.3390/ijms22073553
https://doi.org/10.1007/s12011-019-01867-4
https://doi.org/10.1016/j.ejphar.2020.173358
https://doi.org/10.1016/j.ejphar.2020.173358
https://doi.org/10.15586/jomh.v16iSP1.235
https://doi.org/10.1248/bpb.28.1915
https://doi.org/10.1248/bpb.28.1915
https://doi.org/10.1155/2016/3565127
https://doi.org/10.1016/j.pbi.2014.03.006
https://doi.org/10.1016/j.jep.2019.112170
https://doi.org/10.1016/j.jep.2019.112170
https://doi.org/10.1002/jcb.27552
https://doi.org/10.1023/a:1016065715308
https://doi.org/10.13375/j.cnki.wcjps.2017.02.030
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1109940


Fischer, V., and Haffner-Luntzer, M. (2022). Interaction between bone and immune
cells: Implications for postmenopausal osteoporosis. Semin. Cell. Dev. Biol. 123, 14–21.
doi:10.1016/j.semcdb.2021.05.014

Florencio-Silva, R., Sasso, G. R. S., Sasso-Cerri, E., Simoes, M. J., and Cerri, P. S.
(2018). Effects of estrogen status in osteocyte autophagy and its relation to osteocyte
viability in alveolar process of ovariectomized rats. Biomed. Pharmacother. 98, 406–415.
doi:10.1016/j.biopha.2017.12.089

Franconi, F., and Campesi, I. (2017). Sex impact on biomarkers, pharmacokinetics
and pharmacodynamics. Curr. Med. Chem. 24 (24), 2561–2575. doi:10.2174/
0929867323666161003124616

Ge, W., Jie, J., Yao, J., Li, W., Cheng, Y., and Lu, W. (2022). Advanced glycation end
products promote osteoporosis by inducing ferroptosis in osteoblasts.Mol. Med. Rep. 25
(4), 140. doi:10.3892/mmr.2022.12656

Geu-Flores, F., Sherden, N. H., Courdavault, V., Burlat, V., Glenn, W. S., Wu, C., et al.
(2012). An alternative route to cyclic terpenes by reductive cyclization in iridoid
biosynthesis. Nature 492 (7427), 138–142. doi:10.1038/nature11692

Guan, Z., Luo, L., Liu, S., Guan, Z., Zhang, Q., Li, X., et al. (2022). The role of depletion
of gut microbiota in osteoporosis and osteoarthritis: A narrative review. Front.
Endocrinol. 13, 847401. doi:10.3389/fendo.2022.847401

Guo, S. C., Liang, S. K., Li, D. T., Yang, B., Fang, L., and Jia, X. B. (2022). Twenty
years in the 21st century: Identification technologies for and multimodal research on
chemical changes in exploration of processing mechanism of Chinese medicine.
China J. Chin. Materia Medica 47 (05), 1153–1160. doi:10.19540/j.cnki.cjcmm.
20211110.601

He, Y. Q., Yang, H., Shen, Y., Zhang, J. H., Zhang, Z. G., Liu, L. L., et al. (2018).
Monotropein attenuates ovariectomy and LPS-induced bone loss in mice and decreases
inflammatory impairment on osteoblast through blocking activation of NF-κB pathway.
Chem. Biol. Interact. 291, 128–136. doi:10.1016/j.cbi.2018.06.015

Heffels, P., Müller, L., Schieber, A., and Weber, F. (2017). Profiling of iridoid
glycosides in Vaccinium species by UHPLC-MS. Food Res. Int. 100 (3), 462–468.
doi:10.1016/j.foodres.2016.11.018

Hong, S. B., Hughes, E. H., Shanks, J. V., San, K. Y., and Gibson, S. I. (2003). Role of
the non-mevalonate pathway in indole alkaloid production by Catharanthus roseus
hairy roots. Biotechnol. Prog. 19 (3), 1105–1108. doi:10.1021/bp034031k

Hua, Y., Wei, X. F., Li, Z., Zhang, C., and Shi, J. (2021). Study on effective components
of salt-processing Morinda officinalis by in situ intestinal perfusion model. Chin. J. Inf.
TCM 28 (09), 105–110. doi:10.19879/j.cnki.1005-5304.202102128

Huang, Q. X., Qin, C. X., He, Z. Y., Feng, X., and Wei, J. H. (2022). Chemical
components and pharmacological action for Morinda officinalis How and predictive
analysis on Q-marker. Chin. Archives Traditional Chin. Med. 40 (07), 251–258. doi:10.
13193/j.issn.1673-7717.2022.07.060

Iolascon, G., Gimigliano, F., Malavolta, N., Tarantino, U., Fornari, R., Greco, E., et al.
(2012). Effectiveness of teriparatide treatment on back pain-related functional
limitations in individuals affected by severe osteoporosis: A prospective pilot study.
Clin. Cases Min. Bone Metab. 9 (3), 161–165.

Jiang, F., Xu, X. R., Li, W. M., Xia, K., Wang, L. F., and Yang, X. C. (2020).
Monotropein alleviates H2O2-induced inflammation, oxidative stress and apoptosis
via NF-κB/AP-1 signaling. Mol. Med. Rep. 22 (6), 4828–4836. doi:10.3892/mmr.2020.
11548

Julius, D., and Basbaum, A. I. (2001). Molecular mechanisms of nociception. Nature
413 (6852), 203–210. doi:10.1038/35093019

Kang, L. P., Zhang, Y., Zhou, L., Yang, J., He, Y. L., Yang, S., et al. (2022). Structural
characterization and discrimination of Morinda officinalis and processing Morinda
officinalis based on metabolite profiling analysis. Front. Chem. 9, 803550. doi:10.3389/
fchem.2021.803550

Karna, K. K., Choi, B. R., You, J. H., Shin, Y. S., Cui, W. S., Lee, S. W., et al. (2019).
The ameliorative effect of monotropein, astragalin, and spiraeoside on oxidative
stress, endoplasmic reticulum stress, and mitochondrial signaling pathway in
varicocelized rats. BMC Complement. Altern. Med. 19 (1), 333. doi:10.1186/
s12906-019-2736-9

Kaur, G., Gupta, S. K., Singh, P., Ali, V., Kumar, V., and Verma, M. (2020). Drug-
metabolizing enzymes: Role in drug resistance in cancer. Clin. Transl. Oncol. 22 (10),
1667–1680. doi:10.1007/s12094-020-02325-7

Kim, D. H., Lee, H. J., Oh, Y. J., Kim,M. J., Kim, S. H., Jeong, T. S., et al. (2005). Iridoid
glycosides isolated from Oldenlandia diffusa inhibit LDL-oxidation. Arch. Pharm. Res.
28 (10), 1156–1160. doi:10.1007/bf02972979

Kimball, J. S., Johnson, J. P., and Carlson, D. A. (2021). Oxidative stress and
osteoporosis. J. Bone Jt. Surg. Am. 103 (15), 1451–1461. doi:10.2106/jbjs.20.00989

Kind, T., Tsugawa, H., Cajka, T., Ma, Y., Lai, Z., Mehta, S. S., et al. (2018).
Identification of small molecules using accurate mass MS/MS search. Mass
Spectrom. Rev. 37 (4), 513–532. doi:10.1002/mas.21535

Li, C., Dong, J., Tian, J., Deng, Z., and Song, X. (2016). LC/MS/MS determination and
pharmacokinetic study of iridoid glycosides monotropein and deacetylasperulosidic
acid isomers in rat plasma after oral administration of Morinda officinalis extract.
Biomed. Chromatogr. 30 (2), 163–168. doi:10.1002/bmc.3532

Li, C. M., Liang, X. M., and Xue, X. Y. (2013). Electrospray ionization quadrupole
time-of-flight tandem mass spectrometry of iridoid glucosides in positive ion mode.
Chem. J. Chin. U. 34 (03), 567–572. doi:10.7503/cjcu20120570

Li, X., Xu, J., Dai, B., Wang, X., Guo, Q., and Qin, L. (2020). Targeting autophagy in
osteoporosis: From pathophysiology to potential therapy. Ageing Res. Rev. 62, 101098.
doi:10.1016/j.arr.2020.101098

Li, Y., Pan, H., Li, X., Jiang, N., Huang, L., Lu, Y., et al. (2019). Role of intestinal
microbiota-mediated genipin dialdehyde intermediate formation in geniposide-
induced hepatotoxicity in rats. Toxicol. Appl. Pharmacol. 377, 114624. doi:10.1016/j.
taap.2019.114624

Liu, D. F., Zhang, Y., and Yang, C. D. (2010a). An extraction method of monotropein
from Morinda officinalis How. Chinese Patent No CN 101817856 A. Beijing: China
National Intellectual Property Administration.

Liu, J., Xu, J. G., Luo, J. H., Su, J. F., and Ding, P. (2010b). Determination of the content
of monotropein inMorinda officinalis from different place of production. Chin. Tradit.
Pat. Med. 32 (3), 517–519.

Loi, F., Córdova, L. A., Pajarinen, J., Lin, T. H., Yao, Z., and Goodman, S. B. (2016).
Inflammation, fracture and bone repair. Bone 86, 119–130. doi:10.1016/j.bone.2016.
02.020

Lupsa, B. C., and Insogna, K. (2015). Bone health and osteoporosis. Endocrinol.
Metab. Clin. North Am. 44 (3), 517–530. doi:10.1016/j.ecl.2015.05.002

Ma, C. Y., Sheng, N., Li, Y. Y., Wang, Z., and Zhang, J. L. (2021). Advances in mass
spectrometric-based technologies and strategies for the analysis of traditional Chinese
medicine. J. Chin. Mass Spectrom. Soc. 42 (05), 709–717. doi:10.7538/zpxb.2021.0107

Ma, D. L., Chen, M., Su, C. X., and West, B. J. (2013). In vivo antioxidant activity of
deacetylasperulosidic acid in noni. J. Anal. Methods Chem. 2013, 804504. doi:10.1155/
2013/804504

Mattia, C., Coluzzi, F., Celidonio, L., and Vellucci, R. (2016). Bone pain mechanism in
osteoporosis: A narrative review. Clin. Cases Min. Bone Metab. 13 (2), 97–100. doi:10.
11138/ccmbm/2016.13.2.097

McNamara, L. M. (2010). Perspective on post-menopausal osteoporosis: Establishing
an interdisciplinary understanding of the sequence of events from the molecular level to
whole bone fractures. J. R. Soc. Interface 7 (44), 353–372. doi:10.1098/rsif.2009.0282

Mediati, R. D., Vellucci, R., and Dodaro, L. (2014). Pathogenesis and clinical aspects of
pain in patients with osteoporosis. Clin. Cases Min. Bone Metab. 11 (3), 169–172.

Miettinen, K., Dong, L., Navrot, N., Schneider, T., Burlat, V., Pollier, J., et al. (2014).
The seco-iridoid pathway from Catharanthus roseus. Nat. Commun. 5, 3606. doi:10.
1038/ncomms4606

Mohamad, N. V., Ima-Nirwana, S., and Chin, K. Y. (2020). Are oxidative stress and
inflammation mediators of bone loss due to estrogen deficiency? A review of current
evidence. Endocr. Metab. Immune Disord. Drug Targets 20 (9), 1478–1487. doi:10.2174/
1871530320666200604160614

Murata, K., Abe, Y., Futamura-Masudaa, M., Uwaya, A., Isami, F., and Matsuda, H.
(2014). Activation of cell-mediated immunity byMorinda citrifolia fruit extract and its
constituents. Nat. Prod. Commun. 9 (4), 445–450. doi:10.1177/1934578x1400900401

Nagae, M., Hiraga, T., Wakabayashi, H., Wang, L., Iwata, K., and Yoneda, T. (2006).
Osteoclasts play a part in pain due to the inflammation adjacent to bone. Bone 39 (5),
1107–1115. doi:10.1016/j.bone.2006.04.033

Oh, J. S., Seong, G. S., Kim, Y. D., and Choung, S. Y. (2021a). Deacetylasperulosidic
acid ameliorates pruritus, immune imbalance, and skin barrier dysfunction in 2,4-
dinitrochlorobenzene-induced atopic dermatitis NC/Nga mice. Int. J. Mol. Sci. 23 (1),
226. doi:10.3390/ijms23010226

Oh, J. S., Seong, G. S., Kim, Y. D., and Choung, S. Y. (2021b). Effects of
deacetylasperulosidic acid on atopic dermatitis through modulating immune balance
and skin barrier function in HaCaT, HMC-1, and EOL-1 cells.Molecules 26 (11), 3298.
doi:10.3390/molecules26113298

Oudin, A., Mahroug, S., Courdavault, V., Hervouet, N., Zelwer, C., Rodríguez-
Concepción, M., et al. (2007). Spatial distribution and hormonal regulation of gene
products from methyl erythritol phosphate and monoterpene-secoiridoid pathways in
Catharanthus roseus. Plant Mol. Biol. 65 (1-2), 13–30. doi:10.1007/s11103-007-9190-7

Peng, D. H., Zhou, F., Ou, Y. W., and Du, F. L. (2008). Extraction, isolation and
determination of monotropein from Morinda officinalis. Cent. South Pharm. 6 (6),
705–707.

Pu, X. J., Dong, X. M., Li, Q., Chen, Z. X., and Liu, L. (2021). An update on the
function and regulation of methylerythritol phosphate and mevalonate pathways and
their evolutionary dynamics. J. Integr. Plant Biol. 63 (7), 1211–1226. doi:10.1111/jipb.
13076

Recio, M. C., Giner, R. M., Máñez, S., and Ríos, J. L. (1994). Structural considerations
on the iridoids as anti-inflammatory agents. PlantaMed. 60 (3), 232–234. doi:10.1055/s-
2006-959465

Restellini, S., Chazouillères, O., and Frossard, J. L. (2017). Hepatic manifestations of
inflammatory bowel diseases. Liver Int. 37 (4), 475–489. doi:10.1111/liv.13265

Salim, V., Wiens, B., Masada-Atsumi, S., Yu, F., and De Luca, V. (2014). 7-
deoxyloganetic acid synthase catalyzes a key 3 step oxidation to form 7-

Frontiers in Pharmacology frontiersin.org13

Wu et al. 10.3389/fphar.2023.1109940

https://doi.org/10.1016/j.semcdb.2021.05.014
https://doi.org/10.1016/j.biopha.2017.12.089
https://doi.org/10.2174/0929867323666161003124616
https://doi.org/10.2174/0929867323666161003124616
https://doi.org/10.3892/mmr.2022.12656
https://doi.org/10.1038/nature11692
https://doi.org/10.3389/fendo.2022.847401
https://doi.org/10.19540/j.cnki.cjcmm.20211110.601
https://doi.org/10.19540/j.cnki.cjcmm.20211110.601
https://doi.org/10.1016/j.cbi.2018.06.015
https://doi.org/10.1016/j.foodres.2016.11.018
https://doi.org/10.1021/bp034031k
https://doi.org/10.19879/j.cnki.1005-5304.202102128
https://doi.org/10.13193/j.issn.1673-7717.2022.07.060
https://doi.org/10.13193/j.issn.1673-7717.2022.07.060
https://doi.org/10.3892/mmr.2020.11548
https://doi.org/10.3892/mmr.2020.11548
https://doi.org/10.1038/35093019
https://doi.org/10.3389/fchem.2021.803550
https://doi.org/10.3389/fchem.2021.803550
https://doi.org/10.1186/s12906-019-2736-9
https://doi.org/10.1186/s12906-019-2736-9
https://doi.org/10.1007/s12094-020-02325-7
https://doi.org/10.1007/bf02972979
https://doi.org/10.2106/jbjs.20.00989
https://doi.org/10.1002/mas.21535
https://doi.org/10.1002/bmc.3532
https://doi.org/10.7503/cjcu20120570
https://doi.org/10.1016/j.arr.2020.101098
https://doi.org/10.1016/j.taap.2019.114624
https://doi.org/10.1016/j.taap.2019.114624
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1016/j.ecl.2015.05.002
https://doi.org/10.7538/zpxb.2021.0107
https://doi.org/10.1155/2013/804504
https://doi.org/10.1155/2013/804504
https://doi.org/10.11138/ccmbm/2016.13.2.097
https://doi.org/10.11138/ccmbm/2016.13.2.097
https://doi.org/10.1098/rsif.2009.0282
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1038/ncomms4606
https://doi.org/10.2174/1871530320666200604160614
https://doi.org/10.2174/1871530320666200604160614
https://doi.org/10.1177/1934578x1400900401
https://doi.org/10.1016/j.bone.2006.04.033
https://doi.org/10.3390/ijms23010226
https://doi.org/10.3390/molecules26113298
https://doi.org/10.1007/s11103-007-9190-7
https://doi.org/10.1111/jipb.13076
https://doi.org/10.1111/jipb.13076
https://doi.org/10.1055/s-2006-959465
https://doi.org/10.1055/s-2006-959465
https://doi.org/10.1111/liv.13265
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1109940


deoxyloganetic acid in Catharanthus roseus iridoid biosynthesis. Phytochemistry 101,
23–31. doi:10.1016/j.phytochem.2014.02.009

Sawicki, P., Tałałaj, M., Życińska, K., Zgliczyński, W. S., and Wierzba, W. (2021).
Comparison of the characteristics of back pain in women with postmenopausal
osteoporosis with and without vertebral compression fracture: A retrospective study
at a single osteoporosis center in Poland. Med. Sci. Monit. 27, e929853. doi:10.12659/
msm.929853

Shen, Y., He, Y. Q., Zhang, Q., Liu, M. Q., Xin, H. L., Zhang, Q. L., et al. (2019).
Preparation of Morinda officinalis iridoid glycosides and the inhibitory effect on bone
resorption of osteoclasts. Acad. J. Second Mil. Med. Univ. 40 (02), 149–156. doi:10.
16781/j.0258-879x.2019.02.0149

Shen, Y., Zhang, Q., Wu, Y. B., He, Y. Q., Han, T., Zhang, J. H., et al. (2018).
Pharmacokinetics and tissue distribution of monotropein and deacetyl asperulosidic
acid after oral administration of extracts from Morinda officinalis root in rats. BMC
Complement. Altern. Med. 18 (1), 288. doi:10.1186/s12906-018-2351-1

Shi, B. R., Dong, Y. Q., Zou, W., Zhang, Y., Yao, H., and Liu, M. H. (2022). Study of
metabolic differences of iridoids by intestinal bacteria from adriamycin-induced
nephropathic rat. Pharm. Today 32 (4), 278–284.

Shi, F., Tong, C., He, C., Shi, S., Cao, Y., and Wei, Q. (2021). Diagnostic ion filtering
targeted screening and isolation of anti-inflammatory iridoid glycosides from Hedyotis
diffusa. J. Sep. Sci. 44 (13), 2612–2619. doi:10.1002/jssc.202100074

Shi, J., Jing, H. Y., Huang, Y. Q., Fan, Y. N., and Jia, T. Z. (2017). Effects of
monotropein in different processing products of Morindae officinalis radix on
plasma concentration and tissue distribution in rats. Chin. J. Inf. TCM 24 (05),
76–81. doi:10.3969/j.issn.1005-5304.2017.05.018

Shi, Y., Liu, X. Y., Jiang, Y. P., Zhang, J. B., Zhang, Q. Y., Wang, N. N., et al. (2020).
Monotropein attenuates oxidative stress via Akt/mTOR-mediated autophagy in
osteoblast cells. Biomed. Pharmacother. 121, 109566. doi:10.1016/j.biopha.2019.109566

Shin, J. S., Yun, K. J., Chung, K. S., Seo, K. H., Park, H. J., Cho, Y. W., et al. (2013).
Monotropein isolated from the roots of Morinda officinalis ameliorates
proinflammatory mediators in RAW 264.7 macrophages and dextran sulfate sodium
(DSS)-induced colitis via NF-κB inactivation. Food Chem. Toxicol. 53, 263–271. doi:10.
1016/j.fct.2012.12.013

Sindhu, S., Akhter, N., Wilson, A., Thomas, R., Arefanian, H., Al Madhoun, A., et al.
(2020). MIP-1α expression induced by co-stimulation of human monocytic cells with
palmitate and TNF-α involves the TLR4-IRF3 pathway and is amplified by oxidative
stress. Cells 9 (8), 1799. doi:10.3390/cells9081799

Song, C., Yang, X., Lei, Y., Zhang, Z., Smith, W., Yan, J., et al. (2019). Evaluation of
efficacy on RANKL induced osteoclast from RAW264.7 cells. J. Cell. Physiol. 234 (7),
11969–11975. doi:10.1002/jcp.27852

Song, J. L., Wang, R., Shi, Y. P., and Qi, H. Y. (2014). Iridoids from the flowers of
Gardenia jasminoides Ellis and their chemotaxonomic significance. Biochem. Syst. Ecol.
56, 267–270. doi:10.1016/j.bse.2014.06.011

Song, K. R., Gao, J. D., Liu, X., Chen, H., Qiao, J., and Zhu, X. Y. (2018). Enzymw-
assisted extraction technology of monotropein in Morinda officinalis. Pharm. J. Chin.
People’s Liberation Army 34 (1), 6–10.

Viljoen, A., Mncwangi, N., and Vermaak, I. (2012). Anti-inflammatory iridoids of
botanical origin. Curr. Med. Chem. 19 (14), 2104–2127. doi:10.2174/
092986712800229005

Wang, C., Mao, C., Lou, Y., Xu, J., Wang, Q., Zhang, Z., et al. (2018). Monotropein
promotes angiogenesis and inhibits oxidative stress-induced autophagy in endothelial
progenitor cells to accelerate wound healing. J. Cell. Mol. Med. 22 (3), 1583–1600.
doi:10.1111/jcmm.13434

Wang, F., Wu, L., Li, L., and Chen, S. (2014). Monotropein exerts protective effects
against IL-1β-induced apoptosis and catabolic responses on osteoarthritis
chondrocytes. Int. Immunopharmacol. 23 (2), 575–580. doi:10.1016/j.intimp.2014.
10.007

Wang, M. L., Zhang, Q. Q., Fu, S., Liu, Y. H., Liang, C. L., Chen, N., et al. (2017).
Characterizations of Morinda officinalis How. by UPLC–Q/TOF–MSE coupled with
UNIFI database fliter. J. Chin. Mass Spectrom. Soc. 38 (1), 75–82.

Wang, N., Xu, P., Wang, X., Yao, W., Yu, Z., Wu, R., et al. (2019). Integrated
pathological cell fishing and network pharmacology approach to investigate main active
components of Er-Xian decotion for treating osteoporosis. J. Ethnopharmacol. 241,
111977. doi:10.1016/j.jep.2019.111977

Wang, P., Kang, S. Y., Kim, S. J., Park, Y. K., and Jung, H. W. (2022). Monotropein
improves dexamethasone-induced muscle atrophy via the AKT/mTOR/FOXO3a
signaling pathways. Nutrients 14 (9), 1859. doi:10.3390/nu14091859

Wang, Y. H., and He, B. R. (2020). Inhibitory effect of monotropein on osteoclast
formation. China Pharm. 29 (9), 83–86. doi:10.3969/j.issn.1006-4931.2020.09.025

Wang, Y. L., Huang, S. J., Chi, D. J., Li, Q., Lei, H. M., and Cui, H. M. (2011). Study on
stability of main iridoid glucosides fromMorindae officinalis radix. Chin. J. Exp. Tradit.
Med. Form. 17 (21), 65–68. doi:10.13422/j.cnki.syfjx.2011.21.027

Waza, A. A., Hamid, Z., Bhat, S. A., Shah, N. U. D., Bhat, M., and Ganai, B. (2018).
Relaxin protects cardiomyocytes against hypoxia-induced damage in in-vitro
conditions: Involvement of Nrf2/HO-1 signaling pathway. Life Sci. 213, 25–31.
doi:10.1016/j.lfs.2018.08.059

Wen, X. Y., Liu, G. M., and Huang, Y. Z. (2019). Quality evaluation of Pyrolae Herba
from different habitats. J. Chin. Med. Mater. 42 (07), 1524–1526. doi:10.13863/j.
issn1001-4454.2019.07.01

West, B. J., and Deng, S. J. J. (2021).Morinda citrifolia (noni) fruit juice inhibits SARS-
CoV-2 spike protein binding of angiotensin-converting enzyme 2 (ACE2). J. Biosci.
Med. 9 (11), 42–51. doi:10.4236/jbm.2021.911005

Wu, X. Y., and Liu, X. L. (2017). Progress of biosynthetic pathway and the key enzyme
genes of iridoids. Chin. J. Ethnomedicine Ethnopharmacy 26 (8), 44–48.

Xu, J. G., and Ding, P. (2007). Study on the extraction method of monotropein from
Morinda officinalis. Tradit. Pat. Med. 29 (6), 893–895.

Yang, K., Cao, F., Xue, Y., Tao, L., and Zhu, Y. (2022). Three classes of antioxidant
defense systems and the development of postmenopausal osteoporosis. Front. Physiol.
13, 840293. doi:10.3389/fphys.2022.840293

Yang, R., Fang, L., Li, J., and Zhang, Y. Q. (2018). Research progress on biosynthetic
pathways and related enzymes of iridoid glycosides. Chin. Traditional Herb. Drugs 49
(10), 2482–2488. doi:10.7501/j.issn.0253-2670.2018.10.034

Yang, X., Peng, Q., Liu, Q., Hu, J., Tang, Z., Cui, L., et al. (2017). Antioxidant activity
against H2O2-induced cytotoxicity of the ethanol extract and compounds from Pyrola
decorate leaves. Pharm. Biol. 55 (1), 1843–1848. doi:10.1080/13880209.2017.1333126

Yang, Y., Yujiao, W., Fang, W., Linhui, Y., Ziqi, G., Zhichen, W., et al. (2020). The
roles of miRNA, lncRNA and circRNA in the development of osteoporosis. Biol. Res. 53
(1), 40. doi:10.1186/s40659-020-00309-z

Yang, Y., Zheng, X., Li, B., Jiang, S., and Jiang, L. (2014). Increased activity of osteocyte
autophagy in ovariectomized rats and its correlation with oxidative stress status and
bone loss. Biochem. Biophys. Res. Commun. 451 (1), 86–92. doi:10.1016/j.bbrc.2014.
07.069

Yin, X., Zhou, C., Li, J., Liu, R., Shi, B., Yuan, Q., et al. (2019). Autophagy in bone
homeostasis and the onset of osteoporosis. Bone Res. 7, 28. doi:10.1038/s41413-019-
0058-7

Yu, Y., Kang, L. P., Hao, Q. X., Zhou, L., Yang, J., Zhu, L. B., et al. (2021). Analysis on
contents of main constituents in prepared Morindae officinalis radix, Morindae
officinalis radix processed with steaming and salt. Chin. J. Exp. Tradit. Med. Form.
27 (02), 146–152. doi:10.13422/j.cnki.syfjx.20202063

Zhang, C., Hua, Y., Li, Z., and Shi, J. (2022a). Absorption and transport characteristics
of effective components ofMorinda officinalis in Caco-2 cell model.Mod. Chin. Med. 24
(05), 837–844. doi:10.13313/j.issn.1673-4890.20210511001

Zhang, D., Fan, L., Yang, N., Li, Z., Sun, Z., Jiang, S., et al. (2022b). Discovering the
main "reinforce kidney to strengthening Yang" active components of salt Morinda
officinalis based on the spectrum-effect relationship combined with chemometric
methods. J. Pharm. Biomed. Anal. 207, 114422. doi:10.1016/j.jpba.2021.114422

Zhang, J. H., Xin, H. L., Xu, Y. M., Shen, Y., He, Y. Q., Hsien, Y., et al. (2018). Morinda
officinalis How. - a comprehensive review of traditional uses, phytochemistry and
pharmacology. J. Ethnopharmacol. 213, 230–255. doi:10.1016/j.jep.2017.10.028

Zhang, J. H., Xu, Y. M., He, Y. Q., Song, H. T., Du, J., and Zhang, Q. Y. (2017). Studies
on content determination and extraction method of iridoid glycosides in Morinda
officinalis How. J. Pharm. Pract. 35 (4), 328–333. doi:10.3969/j.issn.1006-0111.2017.
04.010

Zhang, Q., Zhang, J. H., He, Y. Q., Zhang, Q. L., Zhu, B., Shen, Y., et al. (2020a).
Iridoid glycosides from Morinda officinalis How. exert anti-inflammatory and anti-
arthritic effects through inactivating MAPK and NF-κB signaling pathways. BMC
Complement. Med. Ther. 20 (1), 172. doi:10.1186/s12906-020-02895-7

Zhang, S. T., Chen, C. H., Cui, H., Yang, H. J., and Liu, G. S. (2012). Multiple
regulation mechanisms of MEP pathway in plant.Acta Bot. Boreali-Occidentalia Sin., 32
(7), 1500–1504. doi:10.3969/j.issn.1000-4025.2012.07.032

Zhang, X. F., Zhou, F., Wang, G. J., and Zhang, J. W. (2019). Changes and related
mechanisms of drug metabolism and disposition under diseases status. Drug Eval. Res.
42 (3), 369–377.

Zhang, Y., Chen, Y., Li, B., Ding, P., Jin, D., Hou, S., et al. (2020b). The effect of
monotropein on alleviating cisplatin-induced acute kidney injury by inhibiting
oxidative damage, inflammation and apoptosis. Biomed. Pharmacother. 129, 110408.
doi:10.1016/j.biopha.2020.110408

Zhang, Z. Q., Zhao, N., Xu, Y. K., Yang, M., and Luo, Z. P. (2000). Antidepressant
effect of the ethanolic extracts of the roots of Morinda officinalis in rats and mice. Chin.
Pharm. J. 35 (11), 739–741.

Zhang, Z., Zhang, Q., Yang, H., Liu, W., Zhang, N., Qin, L., et al. (2016). Monotropein
isolated from the roots ofMorinda officinalis increases osteoblastic bone formation and
prevents bone loss in ovariectomized mice. Fitoterapia 110, 166–172. doi:10.1016/j.
fitote.2016.03.013

Zhao, C., Wei, M., Zheng, Y., Tao, W., Lv, Q., Wang, Q., et al. (2021). The analyses of
chemical components from Oldenlandia hedyotidea (DC.) Hand.-Mazz and anticancer
effects in vitro. Front. Pharmacol. 12, 624296. doi:10.3389/fphar.2021.624296

Zhao, X. S., Gong, B., Zhou, Y. K., and Yang, M. H. (2018a). Simultaneous
determination of four iridoid glycosides in Morindae Officinalis Radix by UPLC-
MS/MS. Chin. J. Pharm. Analysis 38 (9), 1490–1495. doi:10.16155/j.0254-1793.2018.
09.04

Frontiers in Pharmacology frontiersin.org14

Wu et al. 10.3389/fphar.2023.1109940

https://doi.org/10.1016/j.phytochem.2014.02.009
https://doi.org/10.12659/msm.929853
https://doi.org/10.12659/msm.929853
https://doi.org/10.16781/j.0258-879x.2019.02.0149
https://doi.org/10.16781/j.0258-879x.2019.02.0149
https://doi.org/10.1186/s12906-018-2351-1
https://doi.org/10.1002/jssc.202100074
https://doi.org/10.3969/j.issn.1005-5304.2017.05.018
https://doi.org/10.1016/j.biopha.2019.109566
https://doi.org/10.1016/j.fct.2012.12.013
https://doi.org/10.1016/j.fct.2012.12.013
https://doi.org/10.3390/cells9081799
https://doi.org/10.1002/jcp.27852
https://doi.org/10.1016/j.bse.2014.06.011
https://doi.org/10.2174/092986712800229005
https://doi.org/10.2174/092986712800229005
https://doi.org/10.1111/jcmm.13434
https://doi.org/10.1016/j.intimp.2014.10.007
https://doi.org/10.1016/j.intimp.2014.10.007
https://doi.org/10.1016/j.jep.2019.111977
https://doi.org/10.3390/nu14091859
https://doi.org/10.3969/j.issn.1006-4931.2020.09.025
https://doi.org/10.13422/j.cnki.syfjx.2011.21.027
https://doi.org/10.1016/j.lfs.2018.08.059
https://doi.org/10.13863/j.issn1001-4454.2019.07.01
https://doi.org/10.13863/j.issn1001-4454.2019.07.01
https://doi.org/10.4236/jbm.2021.911005
https://doi.org/10.3389/fphys.2022.840293
https://doi.org/10.7501/j.issn.0253-2670.2018.10.034
https://doi.org/10.1080/13880209.2017.1333126
https://doi.org/10.1186/s40659-020-00309-z
https://doi.org/10.1016/j.bbrc.2014.07.069
https://doi.org/10.1016/j.bbrc.2014.07.069
https://doi.org/10.1038/s41413-019-0058-7
https://doi.org/10.1038/s41413-019-0058-7
https://doi.org/10.13422/j.cnki.syfjx.20202063
https://doi.org/10.13313/j.issn.1673-4890.20210511001
https://doi.org/10.1016/j.jpba.2021.114422
https://doi.org/10.1016/j.jep.2017.10.028
https://doi.org/10.3969/j.issn.1006-0111.2017.04.010
https://doi.org/10.3969/j.issn.1006-0111.2017.04.010
https://doi.org/10.1186/s12906-020-02895-7
https://doi.org/10.3969/j.issn.1000-4025.2012.07.032
https://doi.org/10.1016/j.biopha.2020.110408
https://doi.org/10.1016/j.fitote.2016.03.013
https://doi.org/10.1016/j.fitote.2016.03.013
https://doi.org/10.3389/fphar.2021.624296
https://doi.org/10.16155/j.0254-1793.2018.09.04
https://doi.org/10.16155/j.0254-1793.2018.09.04
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1109940


Zhao, X. S., Yang, M. H., Wu, H. F., and Shu, X. Y. (2018b). Fragmentaion behavior
for iridoid glucosides and anthraquinones in Morinda Officinalis by ESI–Q–TOF MS/
MS in negative ion mode. J. Chin. Mass Spectrom. Soc. 39 (3), 342–350. doi:10.7538/
zpxb.2017.0100

Zhao, X.,Wei, J., and Yang, M. (2018). Simultaneous analysis of iridoid glycosides and
anthraquinones in Morinda officinalis Using UPLC-QqQ-MS/MS and UPLC-Q/TOF-
MS(E). Molecules 23 (5), 1070. doi:10.3390/molecules23051070

Zhou, Q., Yan, H., Li, R., Li, X. L., andWei, J. Y. (2018). Quantitative determination of
monotropein in rat plasma and tissue by LC-MS/MS and its application to
pharmacokinetic and tissue distribution studies. Revista Brasileira De
Farmacognosia-Brazilian J. Pharmacogn. 28 (4), 451–456. doi:10.1016/j.bjp.2018.05.005

Zhu, F. B., Wang, J. Y., Zhang, Y. L., Hu, Y. G., Yue, Z. S., Zeng, L. R., et al. (2016).
Mechanisms underlying the antiapoptotic and anti-inflammatory effects of
monotropein in hydrogen peroxide-treated osteoblasts. Mol. Med. Rep. 14 (6),
5377–5384. doi:10.3892/mmr.2016.5908

Zhu, F. B., Zhang, Y. L., Wang, J. Y., Hou, Q., Ni, Y. M., and Yan, S. G. (2019). Effects
of monotropein on apoptosis and inflammatory factor expression of osteoblasts. Chin.
J. Exp. Surg. 36 (11), 1933. doi:10.3760/cma.j.issn.1001-9030.2019.11.002

Zu, G., Zhou, T., Che, N., and Zhang, X. (2018). Salvianolic acid A protects against
oxidative stress and apoptosis induced by intestinal ischemia-reperfusion injury
through activation of Nrf2/HO-1 pathways. Cell. Physiol. biochem. 49 (6),
2320–2332. doi:10.1159/000493833

Frontiers in Pharmacology frontiersin.org15

Wu et al. 10.3389/fphar.2023.1109940

https://doi.org/10.7538/zpxb.2017.0100
https://doi.org/10.7538/zpxb.2017.0100
https://doi.org/10.3390/molecules23051070
https://doi.org/10.1016/j.bjp.2018.05.005
https://doi.org/10.3892/mmr.2016.5908
https://doi.org/10.3760/cma.j.issn.1001-9030.2019.11.002
https://doi.org/10.1159/000493833
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1109940

	Monotropein: A comprehensive review of biosynthesis, physicochemical properties, pharmacokinetics, and pharmacology
	1 Introduction
	2 Biosynthesis, extraction and isolation, physicochemical properties, pharmacokinetics, and pharmacological activities of m ...
	2.1 Biosynthesis
	2.2 Extraction and isolation
	2.3 Physicochemical properties
	2.4 Pharmacokinetics
	2.5 Pharmacological effects
	2.5.1 Improvement of osteoporosis
	2.5.2 Anti-oxidative effects
	2.5.3 Anti-nociceptive and anti-inflammatory effects
	2.5.4 Treatment of muscle atrophy
	2.5.5 Pharmacological activity of deacetylasperulosidic acid

	2.6 Toxicity

	3 Discussion and conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


