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Pyrrosia petiolosa (Christ) Ching has both medicinal and health benefits in China.

The potential antioxidant activities of P. petiolosa, which are mainly attributed to

its flavonoids, have attracted much attention in recent years. The present study

aimed to determine the concentration of flavonoid components and evaluate

the relative antioxidant activities of P. petiolosa from different geographic origins

using a UPLC-MRM-MS-based metabolomics approach. In total, 97 flavonoid

components were identified, and their concentrations in the samples from

different geographic locations showed significant variation. Thirteen flavonoid

components were identified as potential biomarkers for distinguishing between

the two major regions, Guizhou (GZ) and Guangxi (GX). The GZ group showed

higher total flavonoid content, free radical scavenging activities, and ferric

reducing antioxidant power. The well positive correlations were found

between the antioxidant capacities and some flavonoid markers. The

ecogeographic factors, namely altitude and longitude, play a crucial role in the

difference of antioxidant activities and flavonoids concentration. These results

indicate that P. petiolosa is rich in flavonoid compounds and is a promising

source of natural antioxidants, providing a basis for the quality control of

P. petiolosa.

KEYWORDS
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1 Introduction

Flavonoids are the most common phenolic compounds found in plants and contribute to

improving human health and reducing the risk of chronic diseases. They are known to possess

anti-inflammatory, antioxidant, anti-inflammatory, anti-aging, and immunomodulatory

properties, and are widely utilised in nutraceutical, medicinal, and health products owing to
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their plant origin and low toxicity (Shen et al., 2022). Antioxidant

activity is the main biological effect of flavonoids, and therefore has

been extensively studied. Various mechanisms underlying this

antioxidant activity have been uncovered, including inhibition of

oxidases, activation of antioxidant enzymes, scavenging of reactive

oxygen species, alleviation of oxidative stress, and metal chelation

(Williamson et al., 2018). Appropriate intake of flavonoid-rich foods or

other functional products with antioxidant effects has beneficial effects

on human health by reducing oxidative stress injury from free radicals

(Rana et al., 2022). Flavonoids are highly relevant in the discovery and

development of natural antioxidants, and as suchmuch research in this

area has focussed on flavonoids as potentially useful compounds.

Pyrrosia petiolosa (Christ) Ching, a perennial herb fern, belongs

to the Pyrrosia genus in the family Polypodiaceae and is mainly found

across the western region of China. P. petiolosa has a long history of

medicinal use in China and has proven effective in the clinic for

treating pyelonephritis, chronic bronchitis, and urinary calculi (Xiao

et al., 2017; Lang et al., 2021). Previous studies have shown that P.

petiolosa exhibits strong antioxidant activity, which is mainly

attributed to the high concentration of flavonoid components

(Cheng et al., 2014). Bioactive flavonoid compounds derived from

P. petiolosa are a potential source of natural antioxidants that

positively influence oxidative stress (Zhou and Wang, 2022).

Although some flavonoid components, such as kaempferol,

mangiferin, and quercetin, have been identified in P. petiolosa (Cui

et al., 2016), more detailed metabolic profiles of flavonoids in P.

petiolosa are lacking. Furthermore, there is still little direct evidence

regarding the variation in the concentration of these flavonoids, and

little is known about whether the overall antioxidant activity is

correlated with the levels of individual flavonoids.

The biological activity and clinical efficacy of herbs or functional

foods is highly dependent on their secondary metabolic composition,

and the concentration of active compounds is often used as an

important indicator of quality. Plant secondary metabolites are the

result of the plant’s continued interaction with the environment over

the course of evolution (Moore et al., 2014). Compared to the

primary metabolism, secondary metabolic reactions are therefore

more susceptible to the external environment. Numerous recent

studies have shown that the chemical composition of various plants is

significantly influenced by their geographical location (Li et al.,

2020b; Liu et al., 2020). Environmental and edaphic factors, such

as latitude and longitude, altitude, climate, and various soil

physicochemical properties, also indirectly affect the secondary

metabolites of plants (Guo et al., 2013). Such local specificity in the

secondary metabolite profiles of plants is advantageous since it

confers protection and adaptive advantages against environmental

stress (Mahajan et al., 2020). There is little information regarding the

variation in chemical components, especially flavonoids, in P.

petiolosa from different geographical locations and environmental

factors, resulting in uneven quality of P. petiolosawhen incorporated.

To explore differential metabolites in P. petiolosa with different

geographical origins, appropriate chemical analysis methods are

particularly important. Recently, targeted metabolomics has

successfully detected the differences between the levels of small-

molecule metabolites in biological systems by simultaneous

qualitative or quantitative analysis. Therefore, targeted metabolomics
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is increasingly recognized as an effective tool for assessing the quality of

herbs or functional foods and determining their geographical origin

(Mais et al., 2018). Liquid chromatography-tandemmass spectrometry

(LC-MS/MS) has frequently been used in metabolomics studies

because of its high sensitivity and specificity. Many biomarkers

identified through metabolomics technologies are not only used to

systematically study the mechanisms of functional components but

also to explore the differences between various plant categories or

similar species, diverse geographic origins, or different growth and

cultivation conditions of herbs or functional foods (Zhang et al., 2020).

The objectives of the present study were to (i) compare the

flavonoid-related profiles between P. petiolosa from different

geographical origins and screen for flavonoid-related biomarkers by

quantifying the flavonoid compositions using targeted metabolomics

techniques, (ii) evaluate the antioxidant activity of P. petiolosa from

different geographical origins and correlate the antioxidant activity

with individual biomarkers, and (iii) determine the correlation

between environmental factors, antioxidant activity, and major

flavonoid markers.
2 Materials and methods

2.1 Plant materials

A total of 27 batches of P. petiolosa samples were collected from

natural habitats in western China, which represents the primary

geographical region from which the medicinal products of P.

petiolosa in China are derived. Samples were taken from nine

locations distributed across two major regions, Guizhou (GZ) and

Guangxi (GX) (Figure 1). Representative plant samples were collected

in triplicate at each location. All samples were authenticated by the

School of Pharmacy of the Guangxi University of Chinese Medicine.

The altitude, longitude, and latitude of each sampling location were

recorded, and original datasets recording the annual climatological

values (including precipitation, average temperature, sunshine,

and relative humidity) of each geographical location were

obtained from the National Meteorological Information Center

(Supplementary Table 1).
2.2 Sample preparation

All samples were ground into a powder using a grinding mill

and sieved through a 50−mesh sieve. The powders from each

replicate were thoroughly mixed for qualitative analysis. For

ultra-performance liquid chromatography-tandem mass

spectrometry (UPLC-MS/MS) analysis, 25 mg of the powder was

extracted by ultrasonication in 500 mL of 70% methanol solution.

After centrifugation at 12,000 × g for 5 min, the supernatants were

collected and filtered through a 0.22 mm membrane, then

transferred to sample vials. For antioxidant assays and total

flavonoid content (TFC) determination, powder of plant leaves (2

g) was extracted with 100 mL of 70% methanol by heat reflux

extraction for 1 h, and ultrasonic extraction was then carried out at

30°C for 30 min. The power output of the sonicator was set at 100
frontiersin.org
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kHz. After filtration, the methanol extracts were concentrated

under vacuum and lyophilised. Methanol extracts of each sample

were prepared at and stored at 20°C until further use.
2.3 UPLC-MS analysis

UPLC separation was performed in an ExionLC™ AD system

equipped with an ACQUITY UPLC HSS T3 C18 (1.8 µm, 100

mm×2.1 mm i.d., Waters, Milford, Massachusetts, USA) column

maintained at 40 °C. The injection volume for each sample was 2

µL. Elution was carried out using a mobile phase of 0.05% formic

acid in water (eluent A) and acetonitrile (eluent B). The flow rate

was set to 0.35 ml/min. An elution gradient program was performed

as follows: 0–1 min, 10–20% B; 1–9 min, 20–70% B; 9–12.5 min, 70–

95% B; 12.5–13.5 min, 95% B; 13.6–15 min, 95–10% B.

MS analysis was performed using an AB SCIEX QTRAP 5500

mass spectrometer equipped with an ESI source under both

negative (−) and positive (+) ion modes. The operating

parameters were as follows: ion source, turbo spray; source

temperature, 550°C; ion spray voltage (IS), 5.5 kV for positive ion

mode and -4.5 kV for negative ion mode; curtain gas, 35 psi.

For qualitative analysis, flavonoid compounds were annotated

using primary and secondary MS data based on the self-built

metware database (MWDB). For quantitative analysis, the

concentrations of flavonoid compounds in P. petiolosa were

quantified using the standard addition method. Stock solutions

were prepared by dissolving the standards in methanol. The

working solutions of the individual flavonoid standards in the

concentration range 0.5 nmol/L—1000 nmol/L were prepared by

serial half dilutions. The multiple-reaction monitoring (MRM)

mode in QQQ MS was used, and the MRM transitions for each

metabolite were determined. The collision energy (CE) and

declustering potential (DP) were optimised for the individual

MRM transitions to produce maximal signals. Optimised UPLC-

MS/MS was applied to collect MS/MS spectra of individual analyte

standards in a heartwood sample. Optimised UPLC-MS was used to

collect mass spectral peak intensity data for the quantitative signals
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corresponding to the concentrations of the individual standards.

The standard curves for the different compounds were plotted using

the external standard concentration as the horizontal coordinate

and the external standard peak area as the vertical coordinate. The

linear equations and correlation coefficients of the standard curves

for the substances tested in this study are listed in Supplementary

Table 2. The mass spectral peaks detected for each substance in the

different samples were corrected for quantitative accuracy based on

information about the retention time and peak shape of the

standards. All samples were quantified, and the peak area

represented the relative content of the corresponding substance,

which was substituted into the linear equation to obtain the final

quantitative results for all flavonoid compounds in all samples.
2.4 Determination of antioxidant activity

2.4.1 2,2-diphenyl-1-picryhydrazyl radical
scavenging capacity

DPPH radical scavenging capacity was measured as described

by Olszowy and Dawidowicz (2016), with some modifications.

DPPH radical was dissolved in methanol. In a 96-well microplate,

100 µL DPPH radical solution was mixed with 100 µL methanol

extract of each sample (0.1 mg/mL) or methanol as a negative

control. The mixtures were incubated in the dark for 30 min and the

absorbance was read at 515 nm. The results are expressed as mg of

Trolox equivalents (TE) per gram of dry weight (mg TE/g DW),

with a calibration curve of Trolox within the concentration range of

5–25 mg/mL (calibration curve: y = 3.1324 x- 0.699, R2 = 0.997).

2.4.2 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) radical cation scavenging activity

ABTS scavenging activity was assayed as described by Vifta and

Luhurningtyas (2019). ABTS solution was prepared by mixing 7 mM

ABTS solution with 2.45 mM ammonium persulphate (final

concentration) and kept in the dark for at least 16 h at room

temperature. The working solution was prepared by diluting ABTS

solution with phosphate buffer (pH 7.4) to an absorbance of 0.750 at
FIGURE 1

Geographical locations of P. petiolosa samples. For names of the numbered positions and ecogeographic information see Supplementary Table 1.
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734 nm. In 96-well microplates, 10 µL of sample extracts (0.5 mg/mL)

were mixed with 190 µL ABTS working solution and allowed to react

at 30°C for 20 min. The absorbance was measured at 734 nm. The

mixtures containing ABTS working solution and methanol were used

as blanks. The results are expressed as mg of TE per gram of dry

weight (mg TE/1 g DW), with a calibration curve of Trolox within the

concentration range of 5–25 mg/mL (calibration curve: y = 0.625 x +

0.4697, R2 = 0.9999).

2.4.3 Ferric reducing antioxidant power assay
The FRAP assay was performed as described by Lin et al. (2022),

with some modifications. The working FRAP solution was freshly

prepared by mixing acetate buffer (300 mM, pH3.6), 10 mM 2, 4, 6-

Tris (2-pyridyl)-s-triazine (TPTZ) solution in 40 mM HCl, and 20

mM ferric chloride solution at a ratio of 10:1:1, and was then

incubated at 37°C before use. In 96-well microplates, 5 µL sample

extracts (2.0 mg/mL) were mixed with 190 µL FRAP working

solution and left in the dark for 30 min at room temperature.

Mixtures containing the working solution and distilled water were

used as blanks. Absorbance was measured at 590 nm. The results are

expressed as nmol of TE per gram of dry weight (mg TE/1 g DW).

with a calibration curve of Trolox within the concentration range of

0.4 – 3.6 mg/mL (calibration curve: y = 0.3651 x- 0.0514, R2 = 0.9909).
2.5 Determination of total
flavonoid content

TFC was determined using the aluminium chloride colorimetric

method as described by Zhang et al. (2022), with some

modifications. In 96-well microplates, 50 µL of methanol extract

(0.5 mg/mL) and 15 µL of 5% (w/v) NaNO2 were added. After 6

min, 30 µL of 10% (w/v) AlCl3 was added to the mixture, followed

by 105 µL of 1 mol/L NaOH, and absorbance was measured at 510

nm. The TFC was calculated from a calibration curve of rutin within

the concentration range of 0.2 – 1 mg/mL (calibration curve: y =

1.0843 x - 0.0158, R2 = 0.9989). The results are expressed as

milligrams of rutin equivalents (RE) per 100 g dry weight of the

sample (mg RE/100 g DW).
2.6 Data analysis

The final experimental data are presented as the mean ±

standard deviation of three independent experiments. One-way

analysis of variance (ANOVA) was applied using IBM SPSS

Statistics version 22 (SPSS, Chicago) to assess the differences

between mean values, followed by Duncan ’s multiple

comparisons with a 95% confidence level. OriginLab Origin Pro

software version 2021b (OriginLab, Northampton, MA, U.S.) was

used for graph production.

Hierarchical cluster analysis (HCA) was performed to

investigate similarities and relationships among different habitats.

The concentrations of each flavonoid compound were imported

into SIMCA software (14.1 version, Umetrics AB, Umea, Sweden)
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projections to latent structures discriminant analysis (OPLS-DA).

Variable Importance in Projection (VIP) scores were calculated

using the OPLS-DA model. An unpaired t-test was used to perform

univariate analyses of the flavonoid compounds. Flavonoid

compounds with VIP ≥ 1.5, fold change (FC) ≥ 1, or FC ≤ 0.5,

and p < 0.05, were identified as potential differential compounds.

Pearson’s correlation coefficient was calculated between differential

flavonoid compounds and antioxidant capacity, and a

corresponding heatmap was drawn using the R software (www.r-

project.org/). Redundancy analysis was carried out to assess the

relationship between the environment and differential flavonoid

compounds in different samples using Canoco software (5.0

version, Petr Šmilauer).
3 Results and discussion

3.1 Flavonoid profiles and their
concentration in Pyrrosia petiolosa

The flavonoid characteristics are one of the most important traits

affecting the medicinal value of P. petiolosa (Yang et al., 2003). In

present study, a total of 97flavonoidswere identified, and the flavonoid

metabolic profile can be represented as chromatographic peaks in the

total ion chromatogram (TIC) (Supplementary Figure 1). These

flavonoids were quantified using calibration standards for each

samples, and their concentration levels of each flavonoid across the

samples are listed in Supplementary Materials 2. Differences in the

flavonoid content of P. petiolosa from different geographical origins

were discriminated using an unsupervised PCAmodel (Figure 2A). In

the PCA score plot, the first and second principal components (PC1

andPC2) explained 30.9% and 16.2% of the total variance, respectively.

Nine sampling locations formed two distinct groups, respectively,

which corresponded to the two regions (GX and GZ) from which

the P. petiolosa samples were obtained, suggesting significant

differences between the flavonoid profiles of the two regions.

The differences in flavonoid concentration among samples from

different geographical origins and the similarity among the biological

replicates, can be seen in the heatmap representing flavonoid content

(Figure 2B). Furthermore, HCA (hierarchical clustering analysis)

according to the Euclidean distance suggested that all samples can be

divided to two clusters (I and II) on the abscissa axis, in agreementwith

the results of PCA. The cluster I is again sub divided into three sub

clusters where the first subcluster (Ia) includes GL; second sub cluster

(Ib) consists of AL and ZN; third sub cluster (Ic) consists of ZN and

PD. The second main cluster (II) is also sub divided into three sub

clusters. The first sub cluster (IIa) includes QZ; second sub cluster (IIb)

includes QX. The third sub cluster (IIc) consists of GY and GC.

Similarly, according to HCA, the samples from different locations in

the same regions were also clustered separately. Five major categories

were identified on the ordinate axis based the accumulation of

flavonoids. The flavonoids in category 1 accumulated at the highest

levels in ZN and PD, and at the lowest levels GL. In category 2,

flavonoids accumulated at the highest levels in QZ and QX, and the
frontiersin.org
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lowest levels in GL and GY. Flavonoids in category 3 accumulated at

the highest levels inQZ andGL, and the lowest levels inGL. Flavonoids

in category 4 accumulated at the highest levels in ZY, followed by AL

and ZN, and the lowest levels in QZ. Flavonoids in category 5 showed

significant accumulation in the samples of GZ region (GL, ZN, ZY, AL,

PD), whereas less accumulation in GX region (GC, GY, QX, QZ).

Thus, together PCA and HCA analyses suggested that the samples of

GZ region and GX region had obviously distinct flavonoids profiles.

The UpSet diagram shows overlapping and origin-specific

flavonoids in the different samples (Figure 2C). The amount of

flavonoids detected was highest in the AL and lowest in the QZ. It is

clear that there is a rich diversity among P. petiolosa samples of

different geographical origins, both in terms of flavonoid

composition and flavonoid concentration. Of these components,

some flavonoids have been detected in samples from only a few

origins (Figure 2C). Meanwhile, compared with the variation of

concentration in P. petiolosa among origins, some components of

the flavonoid (such as astragalin, afzelin, kaempferol, vitexin and so

on) were approximately several times as variable (Supplementary

Materials 2). The genetic changes and environmental factors are the

main causes of this phenotypic diverse (Santos et al., 2019; Li et al.,

2020a). Necessitates further study is required to explore how the

flavonoid diversity of P. petiolosa is affected by the main

environmental factors, genetic factors, and interactions between

them. There were 47 flavonoids present in all samples (Figure 2C).

Of these, eight flavonoids, (-)-catechin, astragalin, baimaside,

hyperoside, orientin, afzelin, rutin, and scutellarin, were present

at particularly high levels in all samples and are considered to be the
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main flavonoid constituents of P. petiolosa. Most of these main

flavonoids are flavone glycosides. Hence, our findings are in close

agreement with previous reports that the flavonoid species in P.

petiolosa are mainly flavonoids, flavonols, dihydroflavonoids, and

flavone glycosides (Wang et al., 2006; Huh and Sung, 2012).

However, the absolute quantification of such a large number of

flavonoid constituents has not previously been reported and has

been presented for the first time in the present study. Quantification

is important since it provides a theoretical basis for the quality

control of P. petiolosa from different sources.
3.2 Metabolomics analysis of Pyrrosia
petiolosa samples from different
geographic origins

Metabolomics analysis provides a new perspective to

understand the metabolic variations in traditional herbs grown in

different geographical environments, and likewise contributes to the

differentiation of high-quality herbs (Tang et al., 2021). In the

present study, metabolomic analysis was used to discriminate

between P. petiolosa samples from different geographical origins

based on the content of 47 common flavonoid constituents. The

PCA score plot showed that all samples were clearly separated into

two distinct groups, consistent with the two large distribution

regions of P. petiolosa, even when only the 47 common flavonoid

constituents were assessed (Figure 3A). OPLS-DA was then

performed to further screen for the potential markers responsible
A B

C

FIGURE 2

Multivariate statistical analysis of P. petiolosa from different geographic origins based on UPLC-MS profiles. (A) Score plot of principal component
analysis. (B) Heatmap of 97 flavonoid components in P. petiolosa samples from different geographic origins; the heatmap colours indicate the
concentration of each metabolite, from low (blue) to high (red). (C) The UpSet diagram shows the overlapping and origin-specific flavonoid
components in P. petiolosa samples.
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for separating samples into the two groups (Figure 3B). OPLS-DA, a

supervised model, is a classical method used in metabolomics

research that can reduce system noise and extract variable

information, thereby enabling more accurate discovery of inter-

group differential metabolites (Guo et al., 2018). The OPLS-DA

results revealed that the flavonoid composition samples from GZ

and GX were significantly different (Figure 3C). Model parameters

[R2Y(cum) = 0.996 and Q2 (cum) = 0.992)] indicate that the model

was stable and performed well in terms of fitness and prediction (Li

et al., 2021). Subsequently, a permutation test (n=200) was

performed to verify the model using the previous methods. As

shown in Figure 2C, R2 and Q2 were greater than the original value,

and the Q2 intercept value was lower than 0 [R2 = (0.0, 0.248), Q2 =

(0.0, –0.649)], indicating that the model verification was successful

because the original model was not over-fitted. The OPLS-DA

model generates VIP scores and can be used to screen for

differential metabolites. A set of 15 flavonoid constituents were

found to have a VIP score >1.5 (Figure 3D).
3.3 Screening chemical markers

Potential marker compounds in the two groups were selected

using multivariate (OPLS-DA), univariate (ANOVA), and fold

change (FC) analysis. A strict screening threshold was set such

that metabolites with VIP ≥ 1.5, fold change (FC) ≥ 1, or FC ≤ 0.5,
Frontiers in Plant Science 06
and p < 0.05, were identified as potential marker compounds.

Overall, 13 flavonoid constituents showed significant differences

between the GZ and GX groups (Supplementary Table 3). Boxplots

show that the concentration of all flavonoid markers, except for

astragalin, quercitrin, and pinocembrin, was significantly

upregulated in the GZ group. In the GZ group, the presence of

(-)-catechin was the highest, followed by that of miquelianin and

apigenin-7-glucuronide (Figure 4).
3.4 In vitro antioxidant activities
and total flavonoids analysis

In the present study, in vitro assays of the antioxidant activity of P.

petiolosa were employed based on different mechanisms, including

antioxidant capacity (DPPH and ABTS free radical scavenging

activities) and FRAP. Although the antioxidant activity of P.

petiolosa extract has previously been reported (Hsu, 2008), a

comparison of the antioxidant activity of P. petiolosa derived from

different geographical origins has not yet been conducted. The results

obtained are shown in Figures 5A–D. Comparing samples from the

two main distribution regions, the ABTS value, DPPH value, and

FRAP value of the GZ group were all significantly higher than those of

GX group, (p > 0.05). Samples from location ZN had the most potent

DPPH radical scavenging ability (57.14 ± 3.14 mg TE/g dw), ABTS

radical cation scavenging activity (52.32 ± 2.24 mg TE/g dw), and
A B

DC

FIGURE 3

Multivariate statistical analysis of two groups of P. petiolosa based on the concentration of 47 common flavonoids. (A) Principal component analysis
(PCA) score plot; (B) Orthogonal partial least square discriminant analysis (OPLS-DA) score plot; (C) results of permutation testing of the OPLS-DA
model with 200 repetitions; (D) VIP score plot of the candidate flavonoids markers for P. petiolosa samples.
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FRAP (328.12 ± 10.75mgTE/g dw), indicating that ZN is probably the

location best suited for the growth of P. petiolosa for medicinal use.

Similar to the antioxidant activity, a higher TFC was observed in the

GZ group compared to that in the GX group. Similar data have been

reported by other authors, where some fruits and herbs collected from

different geographical origins showed significant differences in both

TFC and antioxidant activities (Al-Mekhlafi et al., 2021; Sheng et al.,

2021). Overall, the results of the antioxidant activity assessment were

consistent with those for the TFC and from themultivariate analysis of

the flavonoid constituents of P. petiolosa from different geographical

areas, suggesting that variation in the flavonoid profile might

significantly affect biological antioxidant activity.
3.5 Correlation analysis between chemical
markers and antioxidant activity

Previous studies have shown that the antioxidant capacity of P.

petiolosa is influenced by its flavonoid content. To gain a better

understanding of the relationship between the antioxidant capacity

and the variation in the concentration of individual flavonoids, we

assessed the correlation between these two metrics (Figure 6).
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Remarkably, the concentration of flavonoids which were upregulated

in the GZ group ((-)-catechin, naringenin chalcone, apigenin-7-

glucuronide, vitexin, miquelianin, and tiliroside) were significantly

positively correlated with DPPH and FRAP. Other than the above six

constituents, (-)-gallocatechin levelwas significantlypositive correlation

withABTS activity. Pinocembrinwas significantly negatively correlated

with the results of the DPPH, FRAP, and ABTS assays. Most of these

flavonoid constituents have great potential as antioxidants. For instance,

catechin, naringenin chalcone, apigenin-7-glucuronide, vitexin,

miquelianin, and tiliroside have been demonstrated to exhibit efficient

radical scavenging capacity and FRAP (Kashchenko et al., 2021; Rigling

et al., 2021; Zhang et al., 2022). Theseflavonoid constituents are likely to

be responsible for the higher antioxidant activities of the GZ samples in

terms of DPPH, FRAP, and ABTS.
3.6 Correlation analysis of ecogeographic
factors with chemical markers and
antioxidant activity

Generally, the high content of functional metabolites inmedicinal

plants is closely related to their strong biological activity. However,
FIGURE 4

Concentration variation of flavonoid markers in P. petiolosa from different origins. Y-axis unit is nmol/g.
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the exact reason for the high metabolite content remains unclear.

Some scientists have conjectured that genotypes and specific

geographical factors, such as altitude, longitude, latitude,

temperature, climate, and soil conditions, could greatly contribute

to the biosynthesis and accumulation of these functional metabolites

(Das et al., 2022; Li et al., 2022). In the present study, the relationship

between the abundance of flavonoid markers and antioxidant activity

of P. petiolosa samples from different origins and various selected

ecogeographic parameters (namely altitude, longitude, latitude,

average precipitation, temperature, sunshine, and relative humidity)

was examined using an ordination method (redundancy analysis,

RDA). In this way, the ecogeographic factors that favoured the

highest flavonoid abundance and antioxidant activity in P. petiolosa

could be determined. The results are shown in Figure 7. The first and

second RDA axes explained 72.34% and 11.94% of the variation in

the flavonoid content and antioxidant activity, respectively. Based on

the length of the arrows, the most important ecogeographic

parameters affecting flavonoid content and antioxidant activity of

P. petiolosa were altitude and longitude. Generally, longitude and

latitude indirectly affect medicinal plants through the influence of

temperature and precipitation; therefore, their influence is important

(Zhang et al., 2018). Three of the in vitro measures of antioxidant
A B

DC

FIGURE 5

In vitro antioxidant activities and total flavonoid content of P. petiolosa samples from different geographical origins. (A) ABTS radical scavenging
activity. (B) DPPH radical scavenging ability. (C) Ferrous ions chelating activity. (D) Total flavonoid content. Error bars indicate the standard error of
the mean values. Different letters above the bars indicate significant differences (p < 0.05).
FIGURE 6

Correlation among antioxidant activities and concentration of
flavonoid markers. The red colour indicates the positive correlation,
the blue colour indicates the negative correlation. The “×”sign indicates
that the corresponding correlation is not statistically significant.
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activity (DPPH, ABTS, and FRAP), TFC, and several flavonoid

constituents (e.g. (-)-catechin, naringenin chalcone, apigenin-7-

glucuronide, vitexin, miquelianin, and tiliroside), which were

confirmed to be positively correlated with antioxidant activity, were

positively correlated with altitude and average relative humidity

through RDA analysis. This indicates that the generation and

accumulation of these potential antioxidants in P. petiolosa

depended on higher altitude and relative humidity. Additionally,

significant correlations were detected between other ecogeographic

parameters (e.g. average precipitation, temperature, sunshine, and

longitude), flavonoid content, and antioxidant activity. Hence, a rise

in several of the ecogeographical parameters studied may have a

negative impact on flavonoid accumulation and antioxidant activity

in P. petiolosa. Su et al. (2020) similarly reported that temperature,

water vapour pressure, and other parameters were significantly

negatively correlated with flavonoid content. The total flavonoid

content in Chinese prickly ash leaves was significantly correlated with

annual sunshine duration, precipitation, and relative humidity (p <

0.05). Overall, the biosynthesis and accumulation of secondary

metabolites are modulated by plants to optimise their survival in

response to complicated environmental conditions or abiotic stress

(Ouerghemmi et al., 2016; Ribeiro et al., 2020). In our analysis, it was

evident that ecogeographic factors in different geographical regions
Frontiers in Plant Science 09
might have a significant impact on the in vitro antioxidant capacity

and flavonoid composition.

4 Conclusions

In this study, a metabolomics method based on UPLC-MRM-

MS was used to comprehensively quantify the 97 flavonoid

components of P. petiolosa from different geographic origins.

Multivariate statistical analysis systematically revealed that

geographic origin had clear effects on the flavonoid composition

and their concentrations. In view of this difference, all geographic

origins could be accurately divided into two groups, allowing for the

screening of potential flavonoid markers. Thirteen flavonoid

markers were identified. Most of these markers were present at

higher concentrations in the GZ group. In addition, the in vitro

antioxidant activity assay suggested that the GZ group exhibited

higher DPPH and ABTS free radical scavenging activity, as well as

higher FRAP, than the GX group, which can be partly attributed to

their distinct individual flavonoid concentrations. In summary, the

GZ region was considered to be a higher-quality distribution region

for P. petiolosa. Many ecogeographic factors, especially altitude and

longitude, play important roles in the differences in antioxidant

activities and flavonoid concentrations. Thus, our findings not only

provide new insights into the flavonoid characterisation of P.

petiolosa but also contribute to our understanding of how its

geographical origin influences P. petiolosa quality as a medicinal

plant. This study provides a useful basis for the further utilisation of

P. petiolosa as natural antioxidant.
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