Journal of ( Qg
International Society for %

FOOd BiOdCtiveS Nutraceuticals and Functional Foods /S N FQ

Review J. Food Bioact, 2025:29:13-19

Advancements in the singlemer separation of polymethoxyflavones
in citrus peels

Junfeng Shen®*, Haiqing Zhu, Yixing Zhu®, Wenyu Zhang®, Jiamin Wang
and Alexander Gosslau®

aCollege of Biology and Agricultural Resources, Huanggang Normal University, Huanggang 438000, China

bCollege of Food Science and Pharmacy, Xinjiang Agricultural University, Urumqi 830052, China

“Department of Science, City University of New York, BMCC, 199 Chambers Street, New York, NY 10007, USA

*Corresponding author: Junfeng Shen, College of Biology and Agricultural Resources, Huanggang Normal University, Huanggang
438000, China. E-mail: jfshen@hgnu.edu.cn

DOI: 10.26599/JFB.2025.95029401

Received: March 12, 2025; Revised received & accepted: March 26, 2025

Citation: Shen, J., Zhu, H., Zhu, Y., Zhang, W., Wang, J., and Gosslau, A. (2025). Advancements in the singlemer separation of polymeth-
oxyflavones in citrus peels. J. Food Bioact. 29: 13-19.

Abstract

Polymethoxyflavones (PMFs) including 5,6,7,4'-tetramethoxyflavone (TMF), tangeretin, sinensetin, nobiletin, and
3,5,6,7,8,3',4’-heptamethoxyflavone (HMF), possess multiple significant health-promoting activities. They have
drawn increasing attention in recent years. However, the supply of pure singlemers of these PMFs, even the major
content of tangeretin, nobiletin, HMF and TMF has been a limiting factor for their in vivo study and human test-
ing, due to the difficulties in large scale preparation. Due to the close structural and configurational similarities of
these PMFs in plants such as citrus peels, the purification to obtain single PMFs for in-depth efficacy evaluation
has been an enormous challenge, preventing further large scale and broad study for their potential excellent
biological properties. In this review, we summarized the up to date reported purification methods chiefly from
citrus peel extract using various chromatography techniques to obtain singlemers of these PMFs. These methods
including normal phase and reversed phase liquid chromatography, macroporous gel separation, counter current
chromatography, and supercritical fluid chromatography as well as the combination of those isolation techniques.
The aim of this review is to provide key references to establish an efficient and scalable separation method in ac-
quiring single polymethoxyflavone isomers which will enable further investigations on the health-promoting and
medicinal properties of these PMFs and associated mechanism:s.

Keywords: Separation; Polymethoxyflavones; Citrus peels; Nobiletin; Tangeretin; Counter current chromatography; Supercritical fluid
chromatography.

1. Introduction pentamethoxyflavone) as major components (Lin et al., 2012; To-
ledo et al., 2024). Due to their effective biological activities, PMFs
have gained increasing interest in recent years and have been dem-

A special class of citrus flavonoids represents the polymethoxyfla- ; . - . e
onstrated to possess important biological properties, such as antioxi-

vones (PMFs) as illustrated in Figure 1, comprising tangeretin (5,0,

7,8,4"-pentamethoxyflavone), nobiletin (5,6,7,8,3',4'-hexamethoxy- dant by scavenging free radicals, inhibiting lipid peroxidation, and
flavone), 3,5,6,7, 3'.4'-heptamethoxyflavone (HMF), 5,6,7,4'-te- enhancing the activity of endogenous antioxidant enzymes (Gozde
tramethoxyflavone (TMF or scutellarein tetramethyl ether), 3,5, et al., 2025; Murakami et al., 2000; Wang et al., 2018), anti-inflam-
6,7,3',4'-hexamethoxyflavone, sinensetin (5,6,7,3",4’-pentameth- matory effects by modulating key signaling pathways involved in
oxyflavone), and 5-demethylnobiletin (5-hydroxy-6,7,8,3",4'- inflammation, attenuating the expression of COX-2, suppressing
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Figure 1. Structures of common Polymethoxyflavones from citrus peels.

the NF-kB and MAPK pathways, and inhibiting the expression of
pro-inflammatory cytokines such as TNF-o and IL-6 (Fontana et al.,
2023; Lin et al., 2013; Xu et al., 2025). Cardioprotective effects are
exerted by reducing oxidative stress, inflammation, and lipid accu-
mulation, key factors contributing to atherosclerosis and other cardi-
ovascular diseases (Du et al., 2024; Ramunno et al., 2024; Whitman
et al., 2005). Anti-cancer activities are mediated through multiple
mechanisms, including the inhibition of the PI3K/Akt/mTOR sign-
aling pathway, activation of the p53 pathway, and suppression of
the epithelial-mesenchymal transition (Aidiel et al., 2025; Rawson,
Ho, Li, 2014; You et al., 2024). The neuroprotective effects of PMFs
were majorly attributed to its antioxidant and anti-inflammatory
properties that help protect neurons from oxidative damage and
neuroinflammation (Alivirdiloo et al., 2024; Siima et al., 2020). An
optimized enzyme/acid-catalyzed hybrid hydrolysis process was
used to effectively enrich PMFs from citrus fruits. These PMFs were
administered to mice and demonstrated the ability to mitigate meta-
bolic syndrome in gut microbiota indicating that the presence of gut
bacteria is crucial for these effects to manifest (Sun et al., 2025).
Nobiletin is a major polymethoxyflavone predominantly found
in citrus fruits, particularly in the peels of tangerines and bitter
oranges. It has been studied for its wide array of biological ac-
tivities, including antioxidant, inhibitory effects of inflammation,
anticancer, neuroprotective and metabolic benefits. Nobiletin has
been known for its strong antioxidant properties, scavenging free
radicals and reducing oxidative stress. This action plays a signifi-
cant role in protecting cells from oxidative damage, contributing to
the prevention of aging and several chronic diseases (Wang et al.,
2018; Yang et al., 2024). For instance, nobiletin inhibited cisplatin-
induced ototoxicity by suppressing apoptosis and oxidative stress,
thus protected against cisplatin-induced nephrotoxicity and neuro-
toxicity (Song et al., 2024). Nobiletin has also shown potent anti-
inflammatory effects by modulating various signaling pathways
including NF-kB and MAPK pathways, such as the inhibition of
NF-«kB/NLRP3 inflammasome activation to ameliorate sodium
urate-induced gouty arthritis in mice (Liu, Chu, Bai and Yang,
2025; Pandith et al., 2013; Yang et al., 2024). Neuroprotective ef-
fects of nobiletin has been demonstrated in multiple studies, par-
ticularly in preclinical models of neurodegenerative diseases such
as dementia and Parkinson’s diseases (Nakajima and Ohizumi,
2019). It protected neurons from oxidative stress, regulated neuro-
inflammatory pathways, and improved cognitive function (Tsilioni
et al., 2025). Nobiletin reduced the oxidative stress, inflammation
and lipid accumulation, i.e. three of the key contributors to cardio-

vascular diseases, hence it could prevent atherosclerosis and other
cardiovascular conditions (Lin et al., 2013; Ramunno et al., 2024).
Moreover, nobiletin has been shown to improve insulin sensitivity
and regulate glucose metabolism by enhancing glucose uptake and
lipid metabolism thus reducing hepatic glucose production (Yuan
et al., 2022). Also, nobiletin has demonstrated efficacy against a
wide variety of cancers, including breast, colon, lung and liver
cancer (Cheng et al., 2016; Gutierrez-Venegas and Rosas-Martin-
ez, 2025; Murakami et al., 2000). The action mechanisms of nobi-
letin include promoting apoptosis, inhibiting tumor cell prolifera-
tion, and suppressing metastasis. Since nobiletin has been shown
to modulate multiple molecular targets such as PI3K/Akt, MAPK,
and apoptosis-regulating proteins it offers a multi-target approach
to cancer therapy (Ashrafizadeh et al., 2020).

Furthermore, it has been found that nobiletin shows potential
as a beneficial compound to maintain or restore proper circadian
rhythm function. Nobiletin could modulate the molecular mecha-
nisms that regulate the body’s internal clock, particularly target-
ing key proteins involved in circadian rhythm regulation, such
as CLOCK and BMALL1 (He et al., 2016). Therefore, nobiletin
could enhance the function of the molecular oscillator and help the
synchronization of circadian rhythms, leading to improved sleep-
wake cycles and better metabolic function. Due to the remodeling
of circadian metabolic gene expression, nobiletin has showed the
protective effects against metabolic syndrome, a cluster of condi-
tions including obesity, insulin resistance, and cardiovascular dis-
ease, by promoting healthier metabolic processes (He et al., 2016).
Nobiletin improved mitochondrial function and increased ATP
production, which is particularly beneficial in tissues with high
energy demands, such as the brain and muscles. Hence, by modu-
lating the circadian rhythm and enhancing cellular bioenergetics,
nobiletin could promote healthy aging and preventing age-related
diseases (He et al., 2016; Mileykovskaya et al., 2020).

However, the in vivo efficacy and safety investigation of sin-
gle polymethoxyflavones, such as nobiletin, tangeretin, HMF and
TME, has not been broadly performed due to the limited availabil-
ity of pure form singlemers. The majority of in vivo studies that
have been performed thus far were a mixture of polymethoxytla-
vones extracted from citrus plants. To better understand its efficacy
and safety profile, single form PMFs should be thoroughly evalu-
ated. An efficacy or safety study in animals may easily consume
grams of phytochemicals. Therefore, it is necessary and urgent to
develop an efficient method for large scale separation PMF single-
mers. In this review, we have summarized the most recent purifi-
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cation methods of single PMFs, mandatory to provide adequate
research material for future scientific investigations on levels of in
vitro, in vivo as well as clinical trials.

2. Extraction methods of citrus polymethoxyflavones

Extraction of PMFs could be derived from essential oils of citrus
peels or directly from the peels. Essential oils from citrus peels such
as oranges or tangerines, were either obtained from direct distilla-
tion or steam distillation, or extracted out with sub- or super-critical
fluid chromatography (Rifnha et al., 2023). The essential oils are used
in flavor, fragrances, cosmetic, beverage, and other applications in
food industry (Suresh et al., 2020). Their resin-like residue after dis-
tillation or extraction are rich in PMFs, sometimes as high as 80% of
PMF content (Yoshizakia et al., 2017), which may be used for direct
chromatography separation of PMF singlemers.

Traditional extraction methods of PMFs from citrus peels are
generally applied by solid-liquid extraction with aqueous ethanol
and heating conditions (Ke et al., 2018; Tong et al., 2018). Result-
ed crude citrus peel extract after solvent removal is then directly
analyzed for PMF contents (Ke et al., 2018) and loaded onto a sil-
ica gel column for fractionation to obtain different groups of PMF
mixture for further separation. Also, PMFs could be efficiently en-
riched by macroporous adsorptive resin prior to chromatographic
separation (Li, Zhao, Zhou, 2018). Moreover, the conventional
extraction of citrus peel PMFs are often modified or assisted by
other technologies, such as the ultrasound-assisted method (Gar-
cia-Castello et al., 2015), microwave-assisted method (Rifna et al.,
2023), pressurized extraction (Castro-Vazquez et al., 2021), or the
combination of two or more technologies (Rifna et al., 2023).

Superecritical fluids (SCF), such as carbon dioxide (CO,), are
often used nowadays to efficiently extract plant bioactives (Oba et
al., 2017; Uwineza and Waskiewicz, 2020). SCF technology has
been vastly used in extracting essential oils, flavonoids, alkaloids,
and terpenes among others, to avoid the use of harmful solvents or
high temperatures. Comparing to conventional extraction methods,
SCF extraction has higher selectivity, faster extraction times, and
the ability to preserve the integrity of sensitive compounds. The
potential of SFE extraction as an efficient, eco-friendly method is
tremendous with ongoing advancements in commercially viable
for large-scale applications extracting bioactive compounds from
plant materials (Uwineza and Waskiewicz, 2020). Often an alcohol
modifier is added to SCF-CO, for most efficient extraction of vari-
ous polarities of compounds. Generally, ethanol, methanol or iso-
propyl alcohol is used with different percentages depending on the
resolution of interested analytes. For instance, SFC was used to ef-
ficiently extract three PMFs, tangeretin, nobiletin and HMF, from
Citri reticulatae for high speed counter-current chromatography
(HSCCC) separation of the three single PMFs (Long et al., 2019).

Subcritical fluids (Sub-CF) substances that are in a state where
they are below their critical temperature and critical pressure in ex-
traction are also often used in extracting phytochemicals, including
butane, water and others.

When water is heated to temperatures between 100°C and 374°C
(below its critical point), it becomes subcritical. Subcritical water is
employed to extract essential oils and plant oils from plant materials.
Subcritical fluid extraction is an environmentally friendly alterna-
tive to traditional extraction methods like solvent or steam distilla-
tion (Diaz-Reinoso et al., 2023). The extraction of PMFs with Sub-
CF water yielded 89% of extraction rate of PMFs at 160 °C (Kim
and Lim, 2020). There are also other advanced extraction techniques
including ultrasound-assisted extraction using ultrasound waves to

enhance the extraction efficiency of PMFs from citrus peels. Micro-
wave-assisted extraction employs microwave energy to accelerate
the extraction process. Enzyme-assisted extraction uses enzymes to
break down plant cell walls, facilitating the release of PMFs.

3. Separation of PMF singlemers

The development of rapid and efficient separation methods for
PMFs is essential for their large-scale production and application
of PMF singlemers. The separation methods used to separate PMFs
and their pros and cons are described in the following sections.

3.1. Normal phase chromatography

Normal phase silica gel chromatography is the most used separa-
tion technique for several key advantageous factors: economical
cost, timesaving, convenience and efficiency. A rapid flash chro-
matography method was developed using a silica gel column pre-
dominantly. The extract is concentrated, impregnated with silica
gel, and subjected to flash chromatography using a gradient sol-
vent system of hexane and ethyl acetate or methanol and methyl-
ene chloride or other suitable organic solvent systems. However,
due to the structural proximity and similarity, PMFs cannot be
separated by normal phase flash chromatography.

3.2. Separation using high performance liquid chromatography
(HPLC)

Since normal phase silica gel chromatography is incapable of isolat-
ing a single polymethoxyflavone from another in general, reversed
phase liquid chromatography was then employed to separate polym-
ethoxyflavones in some cases, but the separation result is very inef-
ficient and cannot isolate sufficient singlemers of PMFs for biologi-
cal screening and evaluation. Multiple pre-purification processes
including steps of targeted extraction and silica gel chromatography
are usually performed prior to the loading onto an HPLC system
equipped with C18 reversed-phase columns. After steps of macropo-
rous resin treatment of tangerine peel extract, the concentration of
PMFs increased from 31.7 mg/g to 594.6 mg/g. Then a preparative
HPLC-MS equipped with a C18 column (1.9x25 cm) was followed
for further separation of singlemers of PMFs. The injection volume
was 0.65 mL of PMF-enriched solution at concentration of 100 mg/
mL, resulting in separation of singlemers of nobiletin, tangeretin,
sinensetin, TMF and 5-demethylnobiletin with purities of 95% or
above (Li et al., 2018). After fractionation of sweet orange peel
extracts with flash silica gel chromatography and ethyl acetate and
hexanes as eluenting solvents, a fraction mainly containing nobi-
letin and TMF was loaded on to an HPLC system equipped with
a chiral preparative column under UV detection (Li et al., 2006).
Within 45 min of the HPLC separation, 2.48 g of nobiletin and 0.85
g of TMF were yielded with 99% purity or above, demonstrating
an efficient and scalable separation method (Figure 2a). However,
both reversed-phase and chiral phase preparative HPLC separation
required extensive pre-treatment of PMF-containing extracts (Li et
al., 2018; Li et al., 20006).

3.3. Separation with supercritical fluid chromatography (SFC)

As compared to conventional separation methods — normal phase
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Figure 2. Separation of PMFs. (a) HPLC method with a chiral column (Li et al., 2006), (b) and (c) SFC method (Li et al., 2007).

silica gel chromatography and reversed-phase HPLC, SFC have
higher column efficiencies, lower solvent usage, easier post-purifi-
cation solvent removal, and overall lower operational costs. Thus,
SFC has been gaining more and more popularity in the separation
of nutraceuticals and pharmaceuticals, which, particularly in the
past two decades, has gained an increasing amount of attention..
Preparative SFC separation was used in PMFs to separate nobi-
letin from TMF, and HMF from tangeretin (Li et al., 2007). In this
isolation of pure PMFs, total of four single PMFs were yielded in
short period of time and high purity. Prior to the SFC separation,
flash column was employed to divide sweet orange peel extracts
into six groups of PMFs. One fraction majorly consisted of nobile-
tin and TMF, and another contained predominantly tangeretin and
HMEF. The two groups were separated on an analytical SFC and
the method was then transferred to a preparative SFC, which was
performed on Berger MultiGram II Supercritical Fluid Chroma-
tography system, consisted of an automatic liquid injection system
with a 5 mL injection loop, a thermal control module to control
column temperature, and Knauer variable wavelength UV detector
with high pressure flow cell for SFC detection set at 220 nm. A
preparative Chiralpak AD column (3 x 25 cm) was employed for
SFC purification (Li et al., 2007). The baseline separation between
nobiletin and TMF was a 7-min isocratic run, and an 8-min SFC
program for separating tangeretin and HMF, but next injection was

16

at 6.5 min due to the isocratic solvent system (Figure 2b and c).
The isocratic solvent system allows stack injection for maximum
time saving. The purity of the four isolated PMFs was above 99%.

3.4. Counter-current chromatographic separation

Countercurrent chromatography (CCC) is a liquid-liquid separa-
tion technique that has the same separation mechanism as separa-
tion funnel. It relies on the partitioning of compounds between two
immiscible liquid phases. The stationary phase of CCC is formed
by a liquid phase that is continuously flowing in one direction,
while the mobile phase (another liquid phase) flows in its opposite
direction. This countercurrent movement separates complex mix-
tures based on the differential solubility of compounds in the two
phases. The CCC technique is widely used in various fields, such
as analytical chemistry, biochemistry, and pharmacology, for iso-
lating and purifying natural products, pharmaceuticals, and bioac-
tive compounds. Advantages of CCC include high resolution, free
solid stationary phases, and advanced handling of large amount of
samples.

High speed CCC (HSCCC) has been practically used in the sep-
aration of PMFs to isolate nobiletin (26 mg), tangeretin (35 mg),
HMF (6 mg) and 5-demethylnobiletin (11 mg) from 150 mg crude

Journal of Food Bioactives | https://www.sciopen.com/journal/2637-8752



Shen et al.

Separation of polymethoxyflavone monomers

Poak 17 Peak2| Peak3  Poak4| Peak 5 6and7

b Peak 4 Peak
14009 1. Sinensetin 3 5. HMF
2.3,5,6,7,3'4'-Hexa- 6. Tangeretin
1200 methoxyflavone 6 7. 5-Demethylnobiletin
3. Nobiletin
wead 4. TMF
1 5
m-
2
600
7
L
200 Jl C .\_ (
A T —
a
. N n R xn N 25 TS

Figure 3. HPCCC separation of PMFs from sweet orange peel extracts. (a) HPCCC separation spectrum and (b) analytical HPLC spectra of PMFs after HPCCC

separation (Xu et al., 2019).

tangerine peel extract in one-cycle of HSCCC separation (Wang et
al., 2005). Similarly, nobiletin (6.4 mg), tangeretin (20.2 mg) and
5-demethylnobiletin (2.8 mg) were successfully separated from
Citrus reticulata peel by HSCCC (Liu et al., 2012). In another

HSCCC purification of nobiletin, tangeretin and 5-demethylnobi-
letin, the crude extract of Citrus reticulata cv. Suavissima fruits
was first pre-treated with a solid-phase-extraction (SPE) column
to enrich the PMF content, and then the enriched PMF mixture
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was loaded onto an HSCCC system. In one cycle of purification,
16.39 mg of nobiletin, 15.51 mg of tangeretin and 3.21 mg of 5-de-
methylnobiletin were separated with purity of 99.87, 99.76 and
98.75%, respectively (Wang et al., 2019). An efficient approach
for SCF-CO, extracting and HSCCC purifying polymethoxyfla-
vones from Citri reticulatae has demonstrated that the combined
method effectively isolated pure (purity >98%) nobiletin (194.5
mg), tangeretin (107.3 mg) and HMF (128.7 mg) in seven hours
with an injection of 10 mL (20 mL loop) for each purification cycle
of HSCCC (Long et al., 2019).

High performance counter current chromatography (HPCCC) is
a more advanced CCC version than HSCCC, used for the separa-
tion and purification of compounds also based on their differential
distribution between two immiscible liquid phases. With higher
rotation speed and higher pressure, HPCCC has demonstrated
higher speed separation, higher resolution, and more efficient and
powerful separation than HSCCC. Due to the high resolution and
speed, HPCCC can separate more complex mixtures and also in
large-scale amount as compared to HSCCC. In the application of
separating PMFs from sweet orange peel extracts, six pure single-
mers of PMFs (Figure 3a), namely, nobiletin (17.1 mg), tangeretin
(3.3 mg), HMF (12.1 mg), TMF (2.6 mg), sinensetin (1.4 mg), and
3,5,6,7, 3',4"-hexamethoxyflavone (1.3 mg), were isolated with a
semi-preparative HPCCC equipped with a small loop (10 mL) in
one cycle (Xu et al., 2019). The purity of the single PMFs was
greater than 96.6% (Figure 3b). Also, a mixture of 5-demethylated
PMFs, majorly S-demethylnobiletin in the the seventh fraction
collected, which provided easier purification of 5-demethylnobi-
letin (Peak 7 in Figure 3b) and other 5-demethyl-PMFs (Xu et al.,
2019). Based on this result, a scale-up separation to acquire large
amount of pure PMF singlemers would be achieved with a larger
loop in the preparative HPCCC setting.

4. Summary

Polymethoxylated flavonoids naturally exist in many plants, partic-
ularly rich in citrus peels. They possess multiple biofunctionalities
including antioxidant properties, inhibition of chronic inflamma-
tion, cardioprotective and neuropreventive effects, modulation of
metabolic syndrome and anticancer effects. However, the evalu-
ation of their efficacy and safety profiles encounters enormous
difficulties because of the availability of pure singlemers of these
PMFs. In reviewing the most recent separation techniques of PMFs
from citrus peel extracts, this review summarizes the extraction,
enrichment and pretreatment of citrus peel extracts by means of
traditional methods, microwave- or ultrasound-assisted extraction,
silica gel flash column fractionation, solid phase extraction for en-
richment, supercritical or subcritical fluid extraction and other tech-
nologies. Efficient separation methods of PMFs include high speed-
and high performance-counter current chromatography (HSCCC
and HPCCC) and supercritical fluid chromatography (SFC-CO,).
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