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Abstract

Radix Scutellariae, a crucial botanical drug widely used in Asian countries, is derived
from the roots of Scutellaria baicalensis Georgi and exhibits diverse pharmacological
activities, including antipyretic, analgesic, anti-inflammatory, antibacterial, antiviral,
sedative, hypotensive, hypolipidemic, hepatoprotective, and choleretic effects. Owing
to excessive market demand, the wild resources are insufficient, and cultivated Radix
Scutellariae has thus become the primary source; however, this shift has resulted in a
decline in medicinal quality. To address this quality issue, the present study proposes
the hypothesis that exogenous nitric oxide (NO) enhances secondary metabolism

in fresh roots of S. baicalensis Georgi via reactive oxygen species (ROS)-mediated
pathways, thereby improving its medicinal quality. Fresh roots of S. baicalensis
Georgi were treated with sodium nitroprusside (SNP) at concentrations of 0.0, 7.5,
and 20 mmol/L to induce ROS bursts. At the optimal concentration of 20 mmol/L SNP,
the levels of superoxide anion radicals (O,), hydrogen peroxide (H,O,), and malond-
ialdehyde (MDA) increased by 95.1%, 134.5%, and 211.5%, respectively (P<0.01).
Correspondingly, the activities of antioxidant enzymes—including superoxide dis-
mutase (SOD), catalase (CAT), and peroxidase (POD)—rose by 87.2%, 47.5%, and
59.4%, respectively (P<0.01). The activity of phenylalanine ammonia-lyase (PAL), a
key enzyme in flavonoid biosynthesis, increased by 70% (P<0.01). While the con-
tents of major secondary metabolites (baicalin and wogonoside) remained stable, the
levels of their high-activity derivatives (baicalein and wogonin) increased dramatically
by 1603.2% and 1256.1%, respectively (P<0.01). Pharmacological assays revealed
that 20 mmol/L SNP treatment enhanced pharmacological activities: the inhibition
rate of body temperature elevation in rats, the inhibition rate of writhing response in
mice, and the inhibition rate of auricular swelling in mice increased by 11.7%, 14.9%,
and 27.4% (P<0.01), respectively. This treatment also reduced serum interleukin-6
(IL-6) and tumor necrosis factor-a (TNF-a) levels in mice by 13.5% and 16.8%
(P<0.01), respectively. Collectively, this study confirms that exogenous NO induces
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ROS bursts in fresh S. baicalensis Georgi roots and improves the quality of culti-
vated Radix Scutellariae via ROS-mediated enhancement of secondary metabolism,
and clarifies the NO-ROS-secondary metabolism regulatory axis, providing valuable
insights for quality improvement strategies of other medicinal plants.

Introduction

Radix Scutellariae as a herbal medicine derived from the dried roots of S. baicalen-
sis Georgi (Lamiaceae) is predominantly produced in Heilongjiang, Jilin, Liaoning,
Gansu, Shanxi, Shaanxi, Hebei, and Inner Mongolia in China [1]. Its medicinal effects
are primarily attributed to flavonoids, including baicalin, wogonoside, baicalein, and
wogonin, which exhibit a range of biological activities such as antipyretic, analge-

sic, anti-inflammatory, antibacterial, antiviral, sedative, hypotensive, hypolipidemic,
hepatoprotective, cholagogic, antiallergic, and smooth muscle spasmolytic properties
[2,3]. Radix Scutellariae is in high demand across China and other Asian countries.
Owing to its potent antiviral activity, it has played a crucial role in the prevention and
treatment of the common cold and COVID-19 in China [4]. The market demand for
Radix Scutellariae remains consistently high, with an annual consumption of 20,000
tons. Given that wild resources are insufficient to meet this demand, cultivated Radix
Scutellariae has emerged as the primary source; however, this transition has also led
to a decline in quality, primarily attributable to lower content of major chemical com-
ponents and weaker pharmacological activity [5,6]. Therefore, improving the quality
of cultivated Radix Scutellariae has emerged as a pressing concern.

ROS are natural substances produced during plant growth, including O,--, H,O,,
hydroxyl radical (-OH), singlet oxygen ('0,), and hydroperoxyl radical, among oth-
ers [7]. Under environmental stress, a large amount of ROS can be generated [8,9].
Since plants cannot move to avoid adverse environments, their internal ROS levels
will inevitably increase once plants are exposed to environmental stress [10]. High
concentrations of ROS tend to induce cascading oxidative damage, causing changes
in molecular structure, disruption of biological membranes, DNA damage, peptide
chain breakage, and protein cross-linking, ultimately interfering with metabolism
and triggering cell death [11,12]. However, the fundamental reason why plants can
survive under severe environmental stress lies in their evolution of secondary met-
abolic pathways to scavenge excessive ROS [13,14]. Notably, these stress-induced
secondary metabolites are typically the active components of medicinal plants [15].
Therefore, ROS outbursts triggered by environmental stress are an important funda-
mental factor that promotes the biosynthesis of secondary metabolites and thereby
improves the quality of medicinal materials.

NO is a charge-neutral, highly hydrophobic small-molecule reactive nitrogen
species with strong lipophilicity and biofilm penetration ability, enabling free diffusion
within and between cells [16,17]. At low concentrations, NO acts as an antioxidant
to directly scavenge ROS and indirectly counteract ROS by regulating antioxidant
enzyme activities, thereby maintaining cellular redox balance [18,19]. Research has
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shown that an appropriate concentration of NO induces moderate ROS accumulation in plants, which in turn helps acti-
vate plant secondary metabolic pathways and promote the accumulation of secondary metabolites [20—22]. Based on this,
the present study uses SNP as an NO donor to induce physiological states in S. baicalensis Georgi under environmental
stress, explores the effects of exogenous NO on flavonoids, the main pharmacodynamic components of Radix Scutellar-
iae, elucidates the formation mechanism of herb quality, and provides a new approach for improving herb quality.

Materials and methods
Plant materials

Three-year-old fresh roots of S. baicalensis Georgi, identified by Professor Xiangcai Meng of Heilongjiang University of
Traditional Chinese Medicine, were collected on October 4, 2021, from the Radix Scutellariae herb production base in
Gannan County, Qigihar City, Heilongjiang Province, China, where the plants were grown with a row spacing of 20cm and
a plant spacing of about 15cm. Fifteen kilograms of fresh roots were selected for the study.

Instruments

TGL-16LM Benchtop High-Speed Freezing Centrifuge (Hunan Xingke Scientific Instrument Co., Ltd., Changsha, China);
HH-6 Constant Temperature Water Bath (Gongyi Yuhua Instrument Co., Ltd., Gongyi, China); 752 UV-visible Spectropho-
tometer (Shanghai Essence Science and Technology Instrument Co., Ltd., Shanghai, China); Thermo Enzyme Labeling
Instrument (Thermo Fisher Scientific, Waltham, U.S.A.); MS3 Spinning Vortex Mixer (IKA, Staufen, Germany); METTLER
TOLEDO AG135 0.1 mg Analytical Balance (Mettler Toledo, Zurich, Switzerland); DHG-9015A Blast Drying Oven (Shang-
hai Yiheng Scientific Instrument Co., Ltd., Shanghai, China); KQ-250DB CNC Ultrasonic Cleaner (Kunshan Ultrasonic
Instrument Co., Ltd., Kunshan, China); SHB-III Circulating Water Multi-Purpose Vacuum Pump (Zhengzhou Great Wall
Science and Industry Trade Co., Ltd., Zhengzhou, China); Agilent 1200 High-Performance Liquid Chromatograph (Agilent
Technologies, Santa Clara, U.S.A.); DKZ-3B Water Bath Shaker (Changzhou Xunsheng Instrument Co., Ltd., Changzhou,
China); SD40 Ice Machine (Guangzhou Guangkun Electric Appliances Manufacturing Co., Ltd., Guangzhou, China);
Julabo TW20 Digital Thermostatic Water Bath (Julabo GmbH, Seelbach, Germany); DKQ-02 Perforator (Baoruiida Experi-
mental Instrument Co., Ltd., Shijiazhuang, China).

Reagents

Total protein (TP) assay kit, H,O, assay kit, MDA assay kit, SOD assay kit, CAT assay kit, POD assay kit, PAL assay kit (Nan-
jing Jiancheng Bioengineering Research Institute, Nanjing, China); Plant NO Enzyme-Linked Immunosorbent Assay (ELISA)
Kit, Plant 1,3-DPG ELISA Kit, Mouse TNF-a ELISA Kit, and Mouse IL-6 ELISA Kit (Jiangsu Jingmei Biotechnology Co., Ltd.,
Yancheng, China); O,--content assay kit (Beijing Solarbio Technology Co., Ltd., Beijing, China); methanol (analytical grade,
Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China); phosphoric acid (analytical grade, Tianjin Hengxing Chemical Reagent
Manufacturing Co., Ltd., Tianjin, China); acetonitrile (HPLC grade, Beijing Dikma Technologies Inc., Beijing, China); SNP
(Zhengzhou Pai Ni Chemical Reagent Factory, Zhengzhou, China); dry yeast (Angel Yeast Co., Ltd., Yichang, China); glacial
acetic acid (analytical grade, Tianjin Tianli Chemical Reagent Co., Ltd., Tianjin, China); sodium pentobarbital (pharmaceutical
grade, Sinopharm Group Industrial Co., Ltd., Langfang, China); xylene (analytical grade, Tianjin Fuyu Fine Chemical Co., Ltd.,
Tianjin, China); baicalin, wogonoside, baicalein, and wogonin (Chengdu Efa Biotech Co., Ltd., Chengdu, China, with purity of
98%, 98%, 98%, and 99% respectively); saline (Harbin Sanlian Pharmaceutical Co., Ltd., Harbin, China).

Experimental methods

Plant sample handling. Fresh roots of S. baicalensis Georgi were divided evenly into three groups according to
diameter size and weight, and were uniformly sprayed with SNP solution at concentrations of 0 (CK), 7.5, and 20 mmol/L
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until the surface droplets were about to drop. The solution was sprayed every 8 h and the treatment lasted for 6 d. The
samples were collected on the 0™, 1st, 2nd 3 4t 5t and 6% d, and the sampling time interval was 24 h. The sampling
method was performed as follows: (1) Surface sludge and xylem were removed. 0.3 g of each sample collected from

more than 5 plants was taken, with a total of 30 samples, and stored in the refrigerator at -80 °C for the determination

of the content of O, -, H,O,, NO, MDA, and 1,3-DPG and the activities of SOD, CAT, POD, and PAL. (2) Fresh samples

of more than 100g were put in a 55 °C blast drying oven to dry, then crushed, and passed through No. 3 sieve for the
determination of baicalin, wogonoside, baicalein, and wogonin contents. The day 0 samples were all obtained from fresh
roots without any treatment; thus, they were set as the blank group and tested for all the aforementioned indices in parallel
with the experimental groups to observe changes in the indices before and after treatment. For each detection index,
triplicate parallel operations were performed for samples in each group.

Determination of physiological and biochemical indices. The homogenized protein content of fresh roots was
determined using a TP assay kit; NO content was determined using a plant NO ELISA kit; and O,~ and H,O, contents were
determined using an O, -detection kit and an H,0O, assay kit, respectively. Additionally, MDA content was determined using
an MDA assay kit based on the TBA method. Furthermore, the activities of antioxidant enzymes including SOD, POD, and
CAT were determined using their respective assay kits. Moreover, 1,3-DPG content was determined using a 1,3-DPG ELISA
kit, and PAL activity, with PAL being a key enzyme in secondary metabolism, was determined using a PAL assay kit.

Determination of secondary metabolite content.

Preparation of control solution: Appropriate amounts of the control products baicalin, wogonoside, baicalein, and
wogonin were weighed precisely, and the control solutions with mass concentrations of 1.658, 0.648, 0.957, and 0.528 mg/
mL were prepared with methanol solution, respectively.

Preparation of test solutions: 1.50 g of Radix Scutellariae powder was weighed and placed in a stoppered conical
flask, to which 50.0 mL of methanol solution was precisely added; the flask was stoppered tightly and weighed. Ultrasonic
extraction was conducted for 1h (power 200 W, frequency 40kHz). The conical flask was cooled down, weighed again,
and the lost mass was replenished with methanol; the solution was shaken well, and filtered through a 0.45 pym micropore
membrane to obtain the test solutions.

Chromatographic conditions: Column: Diamonsil C,; (250 mmx4.6mm, 5 ym); mobile phase: acetonitrile (A)—
0.1% aqueous phosphoric acid (B), gradient elution (0-5min, 20%A; 5-35min, 20%A-55%A; 35—40min, 55%A-65%A,;
40-50min, 65%A—-20%A); column temperature: 32 °C; injection volume: 10 yL; flow rate: 1 mL/min; detection wavelength:
280nm. Under these chromatographic conditions, the retention times of the four target compounds were as follows:
baicalin (15.722 min), wogonoside (20.251 min), baicalein (24.313min), and wogonin (30.352 min). The High Performance
Liquid Chromatography (HPLC) chromatograms of the experimental samples are shown in Fig 1.

Methodological examination: Linearity: 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 mL of each control solution under “Prepara-
tion of control solution” were taken and diluted to 10 mL with methanol solution to prepare a series of mass concentrations
of the control solution, and then the samples were injected repeatedly under the above chromatographic conditions and
the peak areas of baicalin, wogonoside, baicalein, and wogonin were recorded. The regression analysis was carried out
with the mass concentrations as the horizontal coordinate (X) and the peak areas as the vertical coordinate (Y), and the
regression equations, coefficients of determination (R?) and linear ranges of the four components were calculated, and the
results showed that the linear relationship was good within their respective ranges.

Accuracy: Take the mixed solution of the control products within the linear range, repeat the injections six times under
the above chromatographic conditions, record the peak areas of baicalin, wogonoside, baicalein, and wogonin, and
calculate the Relative Standard Deviations (RSDs) of 0.54%, 0.74%, 0.88%, and 0.87%, respectively, indicating that the
instrumental accuracy was good.

Stability: The test solution was obtained according to the method under “Preparation of test solutions”, and the samples
were injected and measured at 0, 4, 8, 16, and 24 h under the above chromatographic conditions, and the peak areas of
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Fig 1. HPLC chromatogram of Radix Scutellariae samples. 1. Baicalin (Retention Time: 15.722min); 2. Wogonoside (Retention Time: 20.251 min); 3.
Baicalein (Retention Time: 24.313 min); 4. Wogonin (Retention Time: 30.352min).

https://doi.org/10.1371/journal.pone.0339961.9001

baicalin, wogonoside, baicalein, and wogonin were recorded, and the RSDs were calculated to be 0.49%, 0.73%, 0.96%,
and 0.76%, indicating that the stability of the test solution was good within 24 h.

Reproducibility: 6 portions of crude powder of the same group of herbs were taken, each 0.5g. The test solution was
obtained according to the method under “Preparation of test solutions”, and the samples were injected into the instrument
for determination under the above chromatographic conditions, and the peak areas of baicalin, wogonoside, baicalein,
and wogonin were recorded, and the RSDs were calculated to be 1.01%, 1.47%, 0.91%, and 0.83%, indicating that the
method had good reproducibility.

Sample recovery rate: Precisely weigh 0.15g of crude powder of the same group of herbs, a total of 6 portions, to
which an appropriate amount of mixed standard solution was added; the concentrations of baicalin, wogonoside, baica-
lein, and wogonin were similar to those of the extracts in the tested herbs, respectively. The test solution was obtained
according to the method under “Preparation of test solutions”, and the samples were injected under the above chromato-
graphic conditions; the peak areas of baicalin, wogonoside, baicalein, and wogonin were recorded, and the average sam-
ple recoveries of baicalin, wogonoside, baicalein, and wogonin were calculated, together with their corresponding RSDs.
The results showed that the method had a high sample recovery rate and an accurate determination.

Pharmacodynamic verification.

Preparation of pharmaceutical solutions: In this experiment, the quality of Radix Scutellariae on day 6 of the 20
mmol/L SNP group was the best. Powder of Radix Scutellariae at day 0 and from the 20 mmol/L SNP-treated group on
day 6 was taken, respectively, added 10 times the amount of water, soaked for 1 h, heated the mixture up to boiling and
then kept for 1 h, filtered and then added 8 times the amount of water to the residue and decocted it again for 1h, and
then filtered. After combining the two filtrates, they were concentrated in a water bath to 0.027 g/mL (rat concentration)
and 0.039g/mL (mouse concentration), and stored at —20 °C; these concentrations were determined with reference to
the commonly used effective dose of Radix Scutellariae in the 2020 edition of the Chinese Pharmacopoeia and based on
the clinical equivalent dose converted using the body surface area of rats and mice to ensure the scientific rationality of
concentration selection.

Experimental animals and ethical details: Specific Pathogen-Free (SPF)-grade male Kunming (KM) mice
(body weight: 20+ 2 g) and SPF-grade male Sprague-Dawley (SD) rats (body weight: 200 £ 20 g) were provided by
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Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China), with Quality Certificate No. SCXK (Lia0)-2020-0001
and Animal Quality Certificate No. 210726231100557273. Animals were housed in a well-ventilated, dry environ-
ment (temperature: 20-23 °C; relative humidity: 50-60%; 12 h light/dark cycle) with free access to standard food

and water. All animal experiments were approved by the Laboratory Animal Ethics Committee of Heilongjiang Uni-
versity of Chinese Medicine (full approval number: SYXK2023-122922; approved on December 29, 2023) and were
strictly conducted in adherence to the National Institutes of Health (NIH) guidelines, ARRIVE guidelines, and the 3Rs
principle.

Sample size and total number of animals: A total of 120 animals were used, including 40 SD rats (for antipyretic exper-
iments) and 80 KM mice—40 for analgesic experiments and 40 for anti-inflammatory experiments—with 10 animals per
group. This sample size was determined based on previous pharmacodynamic studies of Radix Scutellariae and statistical
power analysis, ensuring sufficient statistical validity while minimizing unnecessary usage.

Anesthesia and euthanasia protocols: For mouse euthanasia, prior to the procedure, mice were anesthetized via
intraperitoneal (IP) injection of pharmaceutical-grade sodium pentobarbital (1% w/v in sterile 0.9% saline) at 50 mg/kg;
deep anesthesia was confirmed by loss of righting reflex, absence of withdrawal response to a 3—5-second toe pinch, and
extinction of the corneal reflex. Euthanasia was performed via a lethal IP dose of sodium pentobarbital (150—200 mg/kg)
to induce irreversible cardiopulmonary arrest, followed by cervical dislocation to confirm death. For rat euthanasia, prior to
the procedure, rats were anesthetized via IP injection of sodium pentobarbital (1% w/v in sterile 0.9% saline) at 60—80 mg/
kg; euthanasia was performed with a lethal dose of sodium pentobarbital (200—300 mg/kg), followed by cervical dislocation
to confirm death.

Antipyretic effect: The rats were acclimatized to the laboratory environment for 5 days. Anal temperatures were
measured three times, 1 h apart, 1 day before the experiment, and the average value was taken as the normal body
temperature; rats with body temperature changes of more than 1°C were removed, and the remaining rats were randomly
divided into blank, model, untreated Radix Scutellariae, and SNP-treated Radix Scutellariae groups, with 10 rats in each
group. The untreated Radix Scutellariae and the SNP-treated Radix Scutellariae groups were administered 10 mL/kg (cor-
responding to an administered dose of approximately 0.27 g/kg) by gavage at 9:00 a.m. every day, and the blank group
and the model group were administered equal doses of saline by gavage for 7 consecutive days. Except for the blank
group, the other groups were subcutaneously injected with 20 mL/kg of 15% dry yeast saline suspension (used to estab-
lish a rat fever model) into the back at 3h after the last administration, and the anal temperature was measured at 5h after
the injection. After the anal temperature measurement was completed, the rats were euthanized.

Difference in temperature increase (AT) = Temperature after 5h — Basal body temperature
Temperature suppression rate = (A, - A,)/ A, x 100%
A,: Temperature elevation of the model group

A,: Temperature elevation of the Radix Scutellariae groups

Analgesic effect Forty mice were randomly divided into blank, model, untreated Radix Scutellariae and SNP-treated
Radix Scutellariae groups, with 10 mice in each group. The untreated Radix Scutellariae and the SNP-treated Radix
Scutellariae groups were administered 10 mL/kg (corresponding to an administered dose of approximately 0.39 g/kg) of
the drug solution by gavage at 9:00 a.m. every day, and the blank group and the model group were administered equal
doses of saline by gavage for 7 consecutive days, and 0.2mL of acetic acid with the concentration of 0.6% was intra-
peritoneally injected at 3h after the last administration, and the twisting number of the mice was observed in 15min after
the injection and the twisting inhibition rate was calculated. After the 15-minute observation period and calculation of the
twisting inhibition rate, the mice were euthanized.
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Twisting inhibition rate = (A, -A,)/ A, x 100%
A,: number of twistings in the model group
A,: number of twistings in the Radix Scutellariae groups

Anti-inflammatory effects Forty mice were randomly divided into blank, model, untreated Radix Scutellariae and
SNP-treated Radix Scutellariae groups, with 10 mice in each group. The untreated Radix Scutellariae and the SNP-
treated Radix Scutellariae groups were administered 10 mL/kg (corresponding to an administered dose of approximately
0.39g/kg) of the drug solution by gavage at 9:00 a.m. every day, and the blank group and the model group were admin-
istered equal doses of saline by gavage for 7 consecutive days. After gavage administration for 3h on the last day, 50 pL
of xylene was applied to both sides of the right ear to cause inflammation, and the left ear was used as a control. Thirty
minutes after inflammation induction, the mice were euthanized following the aforementioned protocol to minimize suffer-
ing. Ear slices were harvested from the same anatomical location of both the right and left ears using a 6-mm-diameter
perforator. These slices were immediately weighed on a precision balance (accuracy: 0.1 mg). The degree of ear swelling
was represented by the mass difference between the left and right ear slices, and the swelling inhibition rate was calcu-
lated accordingly. Following this, blood was gently collected from the eyeballs of the euthanized mice. The blood samples
were allowed to stand at room temperature for 0.5 h; then centrifuged at 3000 r/min for 10 min. The resulting serum was
used to determine the levels of TNF-a and IL-6.

Swelling inhibition rate = (A, - A,)/ A, x 100%
A,: Swelling degree of the model group
A, Swelling degree of the Radix Scutellariae groups

Data processing methods. Microsoft Excel 2021 (Microsoft, Redmond, WA, USA) was used to sort the original
data. Prism 8 (GraphPad Software, La Jolla, CA, USA) was used for graphic illustration. All data were expressed as
mean * standard deviation (Mean+S.D.). IBM SPSS Statistics 27.0 (IBM, Armonk, NY, USA) was used for statistical
analysis. The normality of data distribution was verified using the Shapiro-Wilk test, and the homogeneity of variances
was assessed using Levene’s test. An independent-samples t-test was applied for two-group comparisons, while one-way
analysis of variance (ANOVA) followed by Dunnett’s post-hoc test was used for multi-group comparisons. Differences
were considered statistically significant at *p<0.05 or **p<0.01.

Results
ROS content

ROS contents of each SNP treatment group generally showed an increasing followed by a decreasing trend. Compared with
day 0 (39.5 pmol/L), NO contents in the 20 mmol/L group peaked on day 3 (64.2 ymol/L), increasing by 62.5% (P<0.01);

the 7.5 mmol/L group peaked on day 5 (59.4 umol/L), increasing by 50.4% (P<0.01) (Fig 2A). O,--contents in the 7.5 and 20
mmol/L groups peaked on day 2 (0.752 and 0.858 ymol/g), increasing by 71.0% (P<0.01) and 95.1% (P<0.01). Compared
with day 0 (3.3 mmol/gprot) (Fig 2B), H,O, contents in the 7.5 and 20 mmol/L groups peaked on day 3 (5.69 and 7.74 mmol/
gprot), increasing by 72.4% (P<0.01) and 134.5% (P<0.01) (Fig 2C). During the treatment period, the ROS contents of the
SNP-treated groups were all significantly higher than those of the CK group, indicating that SNP could induce ROS production.

MDA contents

MDA contents showed an increasing trend in all groups, with the CK group increasing but remaining significantly lower
than the SNP-treated groups. Compared with day 0 (3.22 nmol/mgprot), MDA contents in the 7.5 and 20 mmol/L SNP
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https://doi.org/10.1371/journal.pone.0339961.9g002

groups peaked on day 4 (7.75 and 10.03 nmol/mgprot), increasing by 140.7% (P<0.01) and 211.5% (P<0.01) (Fig 3).
The increase in MDA was positively correlated with the exogenous NO concentration, indicating that SNP caused greater
cellular damage and that NO could induce physiological responses in S. baicalensis Georgi under environmental stress.

Antioxidant enzyme activities

Antioxidant enzyme activities of all SNP treatment groups showed an overall trend of increasing and then decreasing.
Compared with day 0 (366.9 U/g), SOD activities in the 7.5 and 20 mmol/L groups peaked on day 2 (585.8 and 687.0
U/g), increasing by 59.6% (P<0.01) and 87.2% (P<0.01) (Fig 4A). Compared with day 0 (3.16 U/mgprot), CAT activities
in the 7.5 and 20 mmol/L groups peaked on day 3 (6.18 and 4.66 U/mgprot), increasing by 95.6% (P<0.01) and 47.5%
(P<0.01) (Fig 4B). Compared with day 0 (385.2 U/g), POD activities in the 7.5 and 20 mmol/L groups peaked on day 4
(762.2 and 614.1 U/g), increasing by 97.9% (P<0.01) and 59.4% (P<0.01) (Fig 4C). The antioxidant enzyme activities of
all the above SNP-treated groups were significantly higher than those of the CK group from day 2—4, whereas there was

PLOS One | https://doi.org/10.137 1/journal.pone.0339961 December 31, 2025 8/20



https://doi.org/10.1371/journal.pone.0339961.g002

11
~ 9'
N
=]

& =1

(=9

g T

E N

EA )

< -

a

= 3
\\

day
—&—— CK(0.0mmol/L SNP) ———#—— 7.5mmol/L SNP ———4—— 20mmol/L SNP
Fig 3. Effect of SNP on MDA contents in S. baicalensis Georgi roots. Data are presented as X &+ s (n=3, error bars: SD). Significance: Compared

with day 0 (#: P<0.05, ##: P<0.01); Compared with the CK group (*: P<0.05, **: P<0.01). Groups: CK (0.0 mmol/L SNP, red), 7.5 mmol/L SNP (green),
20 mmol/L SNP (blue). MDA contents: nmol/mgprot.

https://doi.org/10.1371/journal.pone.0339961.9g003

little change in the CK group, indicating that the antioxidant enzymes play an important role in defense against ecological
stresses.

1,3-DPG content

1,3-DPG contents of each SNP treatment group showed an increasing and then decreasing trend. Compared with day 0
(47.3ng/mL), 1,3-DPG contents in the 7.5 and 20 mmol/L groups peaked on day 4 (94.0 and 113.1ng/mL), increasing by
98.7% (P<0.01) and 139.1% (P<0.01) (Fig 5).

Secondary metabolism-related enzymes activities

PAL activities in all SNP groups showed an increasing and then decreasing trend. Compared to day 0 (76.4 U/g), PAL
activities in the 7.5 mmol/L group peaked on day 3 (119.1 U/g), increasing by 55.9% (P<0.01), and PAL activities in the 20
mmol/L group peaked on day 4 (129.9 U/g), increasing by 70.0% (P<0.01) (Fig 6).

Secondary metabolite content

There was no obvious changing trend for baicalin and wogonoside contents in all groups (Fig 7A and 7B). However, bai-
calein and wogonin contents in the 20 mmol/L group showed a rapid and significant increase, compared to day 0 (0.857
and 0.274 mg/g), peaking on day 6 (14.6 and 3.72mg/g), with increases of 1603.2% (P<0.01) and 1256.1% (P<0.01).
In contrast, those in the CK and 7.5 mmol/L groups showed no significant fluctuation during the SNP treatment, with no
obvious peak observed (Fig 7C and 7D).

Pharmacodynamic performance

To investigate the effect of SNP treatment on the pharmacodynamic activity of Radix Scutellariae, this study used the
yeast-induced fever model to evaluate antipyretic activity, the acetic acid-induced writhing test to assess analgesic activity,
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https://doi.org/10.1371/journal.pone.0339961.9g004

and the xylene-induced ear edema model to examine anti-inflammatory activity. Compared with the model group, all Radix
Scutellariae groups showed good efficacy. For antipyretic effects, the reduction in anal temperature was greater in the
SNP-treated Radix Scutellariae group than in the untreated Radix Scutellariae group, with an increased inhibition rate of
anal temperature elevation by 11.7%. For analgesic effects, the SNP-treated Radix Scutellariae group had better analge-
sic effects than the untreated group, with an average 4.2-fold reduction in the number of writhing responses and a 14.9%
(P<0.01) increase in the writhing inhibition rate. For anti-inflammatory effects, the SNP-treated group also performed best,
with an average reduction in swollen tissue weight by 1.24 mg and an increase in the swelling inhibition rate by 27.4%
(P<0.01). Regarding the inflammatory factors IL-6 and TNF-q, the reduction in the SNP-treated Radix Scutellariae group
was significantly higher than that in the untreated group, with reductions of 13.5% (P<0.01) and 16.8% (P<0.01), respec-

tively (Table 1, Figs 8-12).
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Table 1. Effect of SNP treatment on efficacy of Radix Scutellariae.

Groups | Temperature Twisting Swollen tissue | Inhibition rate of tem- | Writhing inhi- | Swelling inhi- |IL-6 content | TNF-a con-
difference (°C) | times(n) weight (mg) perature elevation (%) | bition rate (%) | bition rate (%) |(pg/mL) tent (ng/L)

A 0.22+0.07 - - - - - 80.1+7.5 587.2+45.3

B 1.88+0.32% 28.2+4.4% | 4.52+0.42% - - - 110.1+11.2% | 810.8 £66.2%

C 1.51+0.39° 19.6+2.7° |3.58+0.24" 19.7 30.5 20.7 98.8+10.0° |737.6+53.0°

D 1.29+0.30" 15.4+2.27% | 2.34+0.40™ 31.4 45.4 48.1 85.5+8.5" | 613.4+54.0"

Note: Data are presented as x+s (n=10, error bars: SD). Significance: Compared with blank group (*: P<0.05, #: P<0.01); Compared with
model group (*: P<0.05, **: P<0.01); Compared with untreated Radix Scutellariae group (*: P<0.05, 22: P<0.01). Groups: A (Blank Group), B
(Model Group), C (untreated Radix Scutellariae Group), D (SNP-treated Radix Scutellariae Group). “-” indicates no result.

https://doi.org/10.1371/journal.pone.0339961.t001
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Fig 9. Effect of Radix Scutellariae on pain threshold in mice. Data are presented as X+ s (n=10, error bars: SD). Significance: Compared with
blank group (*: P<0.05, #: P<0.01); Compared with model group (*: P<0.05, **: P<0.01); Compared with untreated Radix Scutellariae group (%
P<0.05, 2% P<0.01). Groups: A (Blank Group), B (Model Group), C (untreated Radix Scutellariae Group), D (SNP-treated Radix Scutellariae Group).
Twisting times: n.

https://doi.org/10.1371/journal.pone.0339961.9g009

Discussion

The biological nature of ecological stresses doing damage to plants is ROS. When plants are subjected to stress, ROS
activate plants’ defense systems to protect the organisms from damage by altering enzyme activities, metabolism and
osmotic balance, etc. [23]. The secondary metabolites are not only one of the main substances to eliminate ROS or

to avoid ROS damage, but also the medicinal components, so the quality of herbal medicines is closely related to the
secondary metabolism of plants, and the process of quality formation of herbal medicines is the process of physiological
changes for plants adapting to environmental stress.
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Fig 11. Effect of Radix Scutellariae on IL-6 in serum of mice. Data are presented as X+s (n=10, error bars: SD). Significance: Compared with blank
group (* P<0.05, #: P<0.01); Compared with model group (*: P<0.05, **: P<0.01); Compared with untreated Radix Scutellariae group (%: P<0.05, 2
P<0.01). Groups: A (Blank Group), B (Model Group), C (untreated Radix Scutellariae Group), D (SNP-treated Radix Scutellariae Group). IL-6 contents:
pg/mL.

https://doi.org/10.1371/journal.pone.0339961.9011

Effect of SNP on ROS and MDA contents

ROS is one of the metabolites in the normal life activities of plants. The ROS levels are usually maintained in a relatively
constant state by regulating their generation and elimination, but under environmental stresses a large number of ROS
were produced and accumulated, and did damage to the biomolecules of life, leading to the lipid peroxidation of cytoso-
lic membranes, with a result of a large amount of MDA being produced, so the MDA is used as an indicator to detect the
degree of cellular damage [24]. Exogenous NO can induce the production of ROS and promote the accumulation of ROS
[25]. Figs 2 and 3 show that the O, -contents increased rapidly in S. baicalensis Georgi fresh roots, and the H,O, contents
began to accumulate, leading to MDA contents being also significantly increased. Their contents were positively correlated
with the dose of SNP, indicating that the physiological response of plants under environmental stress could be constructed
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by exogenous NO. NO was in general consistent with that of O, and H,O,, indicating that NO acted as a signaling mol-
ecule to initiate the production of ROS. However, the levels of NO, O,--, and H,O, not only did not continue to increase
with increasing treatment time, but also decreased after day 3, probably because intracellular O,--was mainly produced
by xanthine oxidase and NADPH oxidase, and H,O, was produced by SOD, xanthine oxidase, and protein kinase [9], and
a large amount of ROS had a greater destructive effect on the enzyme structure [26], which ultimately led to the reduced
ROS levels. In addition, NO has both oxidizing and reducing properties [27], and NO converts highly reactive O, into the
low-toxicity Peroxynitrite anion, which not only reduces ROS levels, but also mitigates damage to cell membranes [19].
The sharp increase in NO significantly increased ROS levels, which rapidly increased baicalein and wogonin contents,
and ROS was eliminated and maintained at the original level, as shown in Fig 7.

Effects of exogenous NO on antioxidant enzyme activities

Plants maintaining normal physiological metabolism must timely remove excess ROS by antioxidant substances [28],
which is a unique ability formed during long-term evolution. Antioxidant enzymes, including SOD, CAT, POD and other
antioxidant enzymes, are the main substances to eliminate ROS [29]. O, -is the first ROS produced under environmental
stress, and SOD as the first line of defense catalyzes the dismutation of O, to O, and H,O, [30]. Next, H,O, is reduced
to nontoxic H,O by CAT, POD, etc. As an enzyme to specifically scavenge H,0,, CAT does not require additional reduced
substrate; its activity is highly correlated with environmental stress [31]. POD requires polyphenols, polyamines or other
substances as substrates, while polyphenols or polyamines are widespread secondary metabolites in plants and heav-
ily synthesized and accumulated under stress conditions; therefore, POD also plays an important role in the adaptation
of plants to adversity. More importantly, POD contains a large number of sugar groups, thus it is more stable; it also
responds rapidly to a changing environment, so it is also known as the adversity enzyme [32], and it is more prominent
under severe stress, Fig 4 also shows that POD can maintain higher stability in a higher ROS environment. CAT and POD
are both enzymes that eliminate H,0,, and they synergize to convert the overproduced H,0, into O, and H,O, and protect
cells from oxidative damage [29].

Antioxidant enzymes are also proteins, requiring chemical bonds such as hydrogen and disulfide bonds to maintain
their corresponding secondary and tertiary structures to function, so ROS can regulate the function of proteins through
the formation and cleavage of disulfide bonds [26]. In addition, ROS can bind to heme iron in antioxidant enzymes such
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as SOD, CAT, and POD to regulate O, and H,O, levels [33,34]. In the presence of SNPs, ROS are synthesized and
accumulated in large quantities, and SOD as an inducible enzyme is enhanced by O, under environmental stress [35].
Fig 4 shows that SOD, CAT and POD in the 7.5 and 20 mmol/L SNP-treated groups were significantly increased from 0

to 2 days, enhancing the elimination of O,--, leading to a gradual decrease of O, "levels from 2 to 6 days. CAT and POD
synergistically complement each other in response to environmental stress. When one enzyme activity decreases, the
other enzyme activity tends to increase to ensure the removal of ROS [36]. The CAT and POD activities of the 7.5 and

20 mmol/L SNP-treated groups both reached a peak on days 3 and 4, respectively, which synergistically reduced H,O,.
Because POD has a strong resistance to ROS [32], it can still maintain high enzyme activity in the late stage, as shown in
Fig.4, and plays a major role in the removal of H,0,. However, CAT activities were elevated only on day 3, probably due to
the excessive ROS’s damaging effect. Fig 3 shows that the MDA contents had been maintained at a high level, meaning
that the reduced antioxidant enzyme activities are due to ROS. The above indicates that exogenous NO can increase anti-
oxidant enzymes’ activities and enhance the elimination of ROS, leading to reduced ROS after days 2—3. However, with
the increase of stress or time, the activities of each antioxidant enzyme gradually decreased, indicating that antioxidant
enzymes are not the main force to scavenge ROS under severe stress conditions.

Effects of exogenous NO on secondary metabolite synthesis

Plants cannot move and often face various adversities, so they produce more ROS. Too much ROS will destroy proteins,
including enzymes, so it is difficult for plants to eliminate too much ROS only by antioxidant enzymes. Why plants can sur-
vive is the evolution of secondary metabolic systems that animals do not have, by which the adaptability of plants to the
external environment is improved [37]. As an important class of antioxidant substances, the secondary metabolites can
either directly scavenge ROS or act as substrates for enzymes to scavenge ROS [38]; secondary metabolites are also
induced by the environment or ROS, and ROS is the essential cause of the increase in secondary metabolism. Therefore,
the relationship among ROS, key rate-limiting enzymes, and secondary metabolites is shown as follows: ROS1— key
rate-limiting enzymest— secondary metabolitest— ROS | . This is a chain reaction of negative feedback; ROS originated
from adversity stress is the root [39]. Flavonoids are a major class of secondary metabolites in plants, and their mech-
anisms of resistance to adversity are as follows: Firstly, they can absorb ultraviolet and reduce the damaging effects on
macromolecules such as nucleic acids and proteins [40]. Secondly, flavonoids belong to polyphenolic compounds and
can scavenge ROS [41]. The main secondary metabolites of S. baicalensis Georgi are exactly the flavonoids, including
baicalin, wogonoside, baicalein, wogonin, and so on [42]. PAL, induced by environmental factors and signaling molecules
such as ROS, is a key and rate-limiting enzyme for the biosynthesis of flavonoids [43]. Numerous studies have shown
that when plants are subjected to stress, ROS burst, and the expression of key enzyme genes for secondary metabolism
was enhanced. Fig 6 shows that exogenous NO can positively elevate the activities of PAL, and the flavonoid contents
increase (Fig 7). The 20 mmol/L group exhibited the highest contents of baicalein and wogonin, attributed to high ROS
accumulation, high PAL activity, and the sustained supply of 1,3-DPG (a raw material for secondary metabolite synthesis)
(Figs 5, 6). In contrast, the 7.5 mmol/L group showed weaker stress intensity than the 20 mmol/L group. Although other
indicators displayed similar trends under both concentrations, the lower ROS accumulation was insufficient to fully activate
the secondary metabolic system of S. baicalensis Georgi; additionally, this group had the highest POD activity, which con-
sumed a large amount of flavonoids during ROS scavenging [32], ultimately leading to the accumulation of baicalein and
wogonin failing to increase as in the 20 mmol/L group, thus exhibiting a significant difference.

Not only are the flavonoids of S. baicalensis Georgi diverse, but also their activities vary considerably due to the dif-
ferences in the number and position of -OH or -OCH, groups. More importantly, their content and ratio change with the
environmental conditions [22]. Therefore, it is difficult to assess the ecological effects of secondary metabolites with one or
several flavones. Free flavonoids such as baicalein and wogonin not only contain more highly active -OH, but also diffuse
easily to any parts of the cell to function due to the lack of water-soluble sugar groups. Free flavonoids have a very high
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bioactivity; it has been proven that the quality of Radix Scutellariae varies greatly among different origins [44]; the baicalin
and wogonoside in Radix Scutellariae from the best producing area are not high, but the baicalein and wogonin are very
high [45], so they are regarded as the characteristic chemical constituents of S. baicalensis Georgi subjected to adver-
sity stress [46]. The flavonoids that SNP increased were mainly baicalein and wogonin, all free flavonoids, increasing by
1603.2% and 1256.1%, respectively, while the amounts of baicalin and wogonoside vary very little, which indicates that
exogenous NO can significantly improve the quality of Radix Scutellariae. The latter decrease of ROS levels and the activ-
ities of antioxidant enzymes, the increase of baicalein and wogonin, also indicate that secondary metabolites play a major
role in eliminating ROS under severe stress; ROS approaching the original level also means that the dynamic equilibrium
of the new ROS is already established by regulating metabolism.

Phenylalanine is an intermediate product linking primary and secondary metabolism, and the enhanced activity of PAL
(Fig 6) indicates that more primary metabolites are used for the biosynthesis of secondary metabolites. In this study, we
used the fresh roots of S. baicalensis Georgi; the 1,3-DPG could not come from photosynthesis, but rather is the product
of glucose glycolysis, relying on sugar substances to provide more energy and substances for secondary metabolism, so
it can be inferred that the increased baicalein and wogonin are not converted from other flavonoids, but come from biosyn-
thesis, which ensures the improvement of the herb’s quality.

Effect of exogenous NO on the efficacy of Radix Scutellariae

The active ingredients of phytomedicines are complex; pharmacology is the most effective method to evaluate the qual-
ity. Radix Scutellariae has antipyretic, analgesic and anti-inflammatory effects. Table 1 shows that the SNP-treated group
has a 11.7% increase in the inhibition rate of anal temperature, 14.9% in the torsion inhibition rate, 27.4% in the auricu-
lar swelling inhibition rate, and a 13.5% and 16.8% decrease in the serum levels of IL-6 and TNF-a, respectively, com-
pared with those of the untreated group, indicating that SNP can significantly improve the efficacy of Radix Scutellariae.
The main active ingredients of Radix Scutellariae include free flavonoids such as baicalein and wogonin, and flavonoid
glycosides such as baicalin and wogonoside. Free flavonoids can be absorbed rapidly by passive diffusion through the
mesenteric membrane due to their high lipid solubility and hydrophobicity, and flavonoid glycosides not only have a low
lipid solubility but also have a high molecular weight and can only be absorbed after being converted to free flavonoids
by intestinal flora [47,48], so the absorption rate of baicalein was about 7 times that of baicalin, and the efficacy was

4—7 times as great as baicalin [49,50]. Furthermore, baicalein exhibits superior pharmacological properties in a range of
diseases, such as neurodegenerative diseases like Parkinson’s disease, acute liver injury, type 2 diabetes mellitus, myo-
cardial fibrosis, and acute sepsis [51]. Therefore, the increased baicalein and wogonin in Radix Scutellariae are crucial to
improve clinical efficacy. In this efficacy test, the baicalein and wogonin contents of the 20 mmol/L SNP group increased
by 1603.2% and 1256.1%, respectively, which led to the enhancement of their medicinal efficacy.

Considerations on the current study

This study was designed by artificially constructing the physiological state of plants under stress. The selected plant
samples may affect the efficacy of SNP treatment due to differences in ROS levels; additionally, this study only focused
on a single batch of S. baicalensis Georgi, with a limited number of experimental samples. Secondly, the purpose of this
study is to clarify the formation mechanism of medicinal material quality, focusing on identifying the macroscopic changes
in the stress physiological state of plants. It only focuses on physiological state analysis, lacking systematic research on
gene transcriptional regulation, key gene expression data, and secondary metabolic pathways, thus having deficiencies
in mechanism exploration. However, this study confirms the feasibility of artificial intervention in secondary metabolism,
which can provide directions for subsequent research on the formation mechanism of medicinal material quality carried
out through metabolomics and gene expression analysis, systematic analysis of related molecular pathways, and other
approaches.
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Conclusion

Exogenous NO can increase ROS levels in the fresh roots of S. baicalensis Georgi, and can replace adversity, improve
the activities of antioxidant enzymes and the contents of their secondary metabolites; they worked together to eliminate
excessive ROS and reduce the damage caused by ROS to the organism. Under severe stress conditions, the activities of
antioxidant enzymes were weakened, and secondary metabolism played a leading role; the baicalein and wogonin with
high biological activity increased remarkably, and the antipyretic, analgesic, and anti-inflammatory effects were signifi-
cantly enhanced. Therefore, ROS burst could be induced in the fresh roots of S. baicalensis Georgi by exogenous NO;
SNP could improve the herb quality of cultivated Radix Scutellariae.
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