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Abstract

To establish an HPLC fingerprint of the red ginseng–Fuzi herb pair, evaluate its in vitro 
antioxidant activity, and investigate the spectrum–effect relationships between its chem-
ical constituents and antioxidant effects, red ginseng and Fuzi were combined at a mass 
ratio of 1:2, and nine extracts were prepared by ultrasound-assisted extraction according to 
an L9 (34 ) orthogonal design. HPLC–UV fingerprints were established, while antioxidant 
activities were assessed using DPPH radical scavenging and ferric reducing antioxidant 
power (FRAP) assays. Spearman correlation analysis, partial least squares (PLS) regression, 
and grey relational analysis were integrated to identify chromatographic peaks potentially 
associated with antioxidant activity. A total of 51 common peaks were matched across 
the nine extracts, with fingerprint similarities ranging from 0.960 to 0.999. Among the 
samples, S7 exhibited the highest DPPH radical scavenging activity and FRAP value, reach-
ing 88.29% and 0.832 mmol/L Fe2+  equivalents, respectively. After false discovery rate 
(FDR) correction, 17 common peaks remained significantly associated with DPPH activity, 
with P18 and P39 showing the strongest correlations (ρ = 0.950). P46 and P44 showed 
relatively high correlations with FRAP, although neither remained significant after FDR cor-
rection. Integration of the three statistical approaches provided broadly consistent support 
for P35 (benzoylmesaconine, BMA), P44 (ginsenoside Rf), P45 (hypaconitine, HA), and 
P46 (ginsenoside Rb1 ) as candidate antioxidant-associated peaks, with P44 and P46 show-
ing comparatively consistent evidence across methods. These findings indicate that the 
in vitro antioxidant activity of the red ginseng–Fuzi herb pair may involve contributions 
from multiple constituents and demonstrate that the integrated spectrum–effect approach 
may provide a useful basis for comprehensive quality evaluation and the identification of 
potential quality markers.
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1. Introduction
The Shenfu herb pair, comprising red ginseng and Fuzi, is a representative combina-

tion used in traditional Chinese medicine to replenish qi and warm yang. Red ginseng is 
prepared by steaming and drying cultivated Panax ginseng C. A. Mey. (Araliaceae) and is 
traditionally used to replenish vital qi, restore the pulse, prevent collapse, and reinforce 
qi to control bleeding. Fuzi is the processed lateral root of Aconitum carmichaelii Debx. 
(Ranunculaceae) and is traditionally used to restore yang in collapse, reinforce yang, dispel 
cold, and relieve pain. Their combination integrates qi replenishment with yang warming 
and forms the core of Shenfu-based prescriptions. Recent studies of Shenfu injection in 
rat models of heart failure have reported improvements in cardiac function and energy 
metabolism, together with changes in gut microbial metabolism [1,2]. A study of con-
stituents of Shenfu decoction further demonstrated that benzoylaconitine and ginsenoside 
Rb1  acted synergistically to attenuate pathological cardiac remodeling and preserve mito-
chondrial integrity in preclinical models [3]. These findings support further investigation 
of interactions among the constituents of Shenfu preparations. However, the effects of an 
herbal pair cannot be explained simply by adding the effects of individual constituents. Its 
chemical basis and overall activity can be influenced by the origin of the herbs, processing 
methods, combination ratio, and preparation conditions [4]. Investigating the relationship 
between the overall chemical composition and biological effects of the Shenfu herb pair is 
therefore important for understanding the rationale for this combination and improving its 
quality evaluation.

Red ginseng contains ginsenosides, polysaccharides, peptides, volatile constituents, 
and phenolic compounds. Ginsenosides are considered major contributors to its phar-
macological activity. Recent studies have shown that ginsenoside Rb1  attenuates cardiac 
oxidative and carbonyl stress in diabetic rats [5], ginsenoside Rd maintains mitochondrial 
redox homeostasis in experimental diabetic retinopathy [6], and ginsenoside Rf reduces 
oxidative stress and inflammation in models of acetaminophen-induced liver injury [7]. 
Fuzi mainly contains Aconitum diterpenoid alkaloids, including diester, monoester, and 
amino alcohol types. Processing changes the proportions of these alkaloid classes and can 
reduce diester diterpenoid alkaloid contents, with accompanying changes in toxicity and 
biological activity [8]. A recent comparative analysis has also documented differences in 
six major alkaloids among processed Fuzi preparations and characterized their pharma-
cokinetic behavior in rats [9]. Benzoylmesaconine, benzoylhypaconine, mesaconitine, and 
hypaconitine are therefore relevant constituents for chemical characterization and safety 
evaluation. Quality evaluation of the Shenfu herb pair should therefore consider both active 
constituents, such as ginsenosides, and changes in the Aconitum alkaloid composition. 
Quantification of only one or a few marker compounds is insufficient to characterize its 
overall chemical profile.

Oxidative stress arises from an imbalance between reactive oxygen species produc-
tion and antioxidant defenses. Recent preclinical studies link cardiac oxidative stress and 
mitochondrial dysfunction to diabetic cardiac injury and pathological cardiac remodel-
ing [3,5]. In diabetic rats, ginsenoside Rb1  attenuated oxidative damage and improved 
cardiac antioxidant enzyme activity [5]. Mesaconine, an Aconitum-derived alkaloid, has 
also been reported to improve mitochondrial function and attenuate oxidative stress and 
apoptosis in experimental acute kidney injury [10]. Recent studies have also shown that 
medicinal plant extracts can reduce lipid peroxidation and enhance endogenous antioxidant 
enzyme activity in vivo [11]. The integration of HPLC-based chemical characterization 
with pharmacological evaluation has also been applied to investigate the oxidative stress-
related protective effects of medicinal plant extracts [12]. Although these findings concern 
different compounds and disease models, they provide a rationale for investigating redox-
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related effects of the Shenfu herb pair. In vitro antioxidant activity provides an initial 
endpoint for comparing these extracts and screening constituents potentially associated 
with antioxidant activity.

Antioxidant activity involves several mechanisms, including free radical scavenging, 
electron transfer, metal ion reduction, and regulation of antioxidant defense systems. No 
single assay can fully characterize the antioxidant capacity of a sample. The 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical scavenging assay primarily measures the ability of a 
sample to donate electrons or hydrogen atoms to a stable free radical and offers operational 
simplicity, good sensitivity, and reproducibility. The ferric reducing antioxidant power 
(FRAP) assay measures overall reducing capacity through the reduction of Fe3+  to Fe2+  [13,
14]. These assays differ in their reaction principles and analytical emphasis. Their combined 
use permits complementary evaluation of the in vitro antioxidant activity of the Shenfu 
herb pair in terms of radical scavenging and ferric reducing capacity. Both DPPH and FRAP 
are cell-free chemical assays; their results are primarily used to compare relative antioxidant 
capacities among samples and investigate spectrum–effect relationships. These results 
cannot be directly equated with pharmacological effects in cells, animals, or clinical settings.

Chromatographic fingerprinting characterizes shared features and relative differences 
among samples while retaining information about their overall chemical composition [15]. 
Recent studies have integrated chromatographic fingerprints with antioxidant measure-
ments for quality evaluation of traditional Chinese medicines and their formulations [16]. 
High-performance liquid chromatography (HPLC) offers high separation efficiency, repro-
ducibility, and broad applicability, enabling the characterization of ginsenosides, Aconitum 
alkaloids, and other constituents in the Shenfu herb pair. Establishing an HPLC finger-
print, identifying common peaks, and assigning selected peaks using reference standards 
can provide a comprehensive representation of its chemical composition. In this study, 
ultrasound-assisted extraction conditions were varied to generate Shenfu extracts with 
differences in chemical composition and antioxidant activity for fingerprint comparison and 
spectrum–effect analysis. However, fingerprint similarity primarily reflects the consistency 
of the overall chromatographic profile. Even samples with high similarity may differ in the 
areas of individual peaks and their corresponding biological activities. Fingerprint similar-
ity or the contents of a few marker compounds alone therefore cannot reliably establish the 
contributions of individual constituents to the overall biological effects.

Spectrum–effect analysis links chromatographic peak information with pharmacologi-
cal activity or biological endpoints using statistical methods to assess associations between 
changes in chemical composition and changes in biological effects. This approach supports 
the screening of active constituents and the investigation of quality markers in traditional 
Chinese medicine [17–20]. Compared with approaches focused on a single constituent and 
a single effect, spectrum–effect analysis is better suited to the multicomponent nature of 
herbal medicines. It can characterize relationships between overall chemical information 
and biological effects and identify candidate chromatographic peaks that may contribute 
substantially to activity. However, chromatographic fingerprints often contain many vari-
ables, with potential collinearity among peaks and relatively small experimental sample 
sizes. Reliance on a single statistical model may therefore produce spurious correlations or 
model bias. Combining several statistical methods is necessary to screen candidate activity-
associated peaks and assess the consistency of the evidence from different perspectives.

Spearman rank correlation analysis does not require strict normality and can assess 
monotonic associations between individual chromatographic peaks and activity endpoints. 
False discovery rate control is relevant when many hypotheses are tested, and sample size 
influences the power of such analyses [21]. Partial least squares (PLS) regression extracts 
latent variables when predictors are numerous and collinear, allowing assessment of the 
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combined contributions of multiple chromatographic peaks to activity. Key variables can 
be screened using variable importance in projection (VIP) values [17,20]. Grey relational 
analysis evaluates the similarity between the variation patterns of chromatographic peaks 
and activity endpoints and is applicable to small datasets with multiple indicators. Com-
bining these methods allows associations between chemical constituents and antioxidant 
activity to be assessed in terms of univariate correlation, multivariate contribution, and 
similarity of variation patterns, potentially improving the robustness of candidate peak 
selection. Nevertheless, peaks identified by spectrum–effect analysis remain candidate 
activity-associated peaks based on statistical evidence. Their pharmacological effects and 
mechanisms require further validation using isolated compounds and cellular or animal 
experiments, as illustrated by recent studies combining spectrum–effect analysis with ex-
perimental validation in red ginseng and Paeoniae Radix Rubra [22,23]. Target-oriented 
strategies may further facilitate the identification and mechanistic validation of bioactive 
constituents from natural products [24].

In this study, red ginseng and Fuzi were combined at a mass ratio of 1:2, and nine ex-
tracts were prepared using an L9 (34 ) orthogonal design. HPLC fingerprints were established 
and common peak data were extracted. Selected peaks were assigned to benzoylmesaco-
nine (BMA), benzoylhypaconine (BHA), mesaconitine (MA), ginsenoside Rf, hypaconitine 
(HA), ginsenoside Rb1 , and ginsenoside Rd by comparison with reference standards. The 
in vitro antioxidant activities of the extracts were evaluated using DPPH radical scavenging 
and FRAP assays. Spearman correlation analysis, PLS regression, and grey relational analy-
sis were then combined to investigate relationships between common peaks and antioxidant 
activity and identify candidate peaks associated with the in vitro antioxidant activity of the 
Shenfu herb pair. This study aimed to provide experimental evidence for the constituents 
potentially underlying its antioxidant effects and support a quality evaluation approach 
integrating overall chemical characteristics with biological effects.

2. Materials and Methods
2.1. Instruments, Herbal Materials, and Reagents

The instruments used were an Agilent 1200 HPLC system (Agilent Technologies, 
Santa Clara, CA, USA), an XP6U microbalance (Mettler Toledo, Greifensee, Switzerland), 
an ultrapure water purification system (Mettler Toledo, Greifensee, Switzerland), a 2-
16PK centrifuge (Sigma, Osterode am Harz, Germany), an SK5210HP ultrasonic cleaner 
(Shanghai Kudos Ultrasonic Instrument Co., Ltd., Shanghai, China), and a SpectraMax 
Plus 384 microplate reader (Molecular Devices, San Jose, CA, USA).

Red ginseng (batch no. 20230919) was purchased from Anhui Sheng’an Pharmaceutical 
Co., Ltd. (Bozhou, China), and Fuzi (batch no. 20240409) was purchased from Hangzhou 
Huadong Traditional Chinese Medicine Decoction Pieces Co., Ltd. (Hangzhou, China). The 
herbal materials were authenticated by Professor Yuyan Zhang at Zhejiang University School 
of Medicine. Reference standards of ginsenosides Rb1  (DSTDR000603), Rd (DSTDR001502), 
and Rf (DSTDR001701), MA (DST231218-025), HA (DSTDC005801), BMA (DST240827-
056), and BHA (DSTDB005702) were purchased from Chengdu Desai Biotechnology Co., 
Ltd. (Chengdu, China); all had purities >98%. HPLC-grade methanol (batch no. 25116123) 
and acetonitrile (batch no. 25046128) were obtained from Tedia Company, Inc.(Fairfield, 
OH, USA). Phosphoric acid (batch no. C17182065; purity ≥98%) was purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The FRAP assay 
kit (A196250902) was obtained from Beyotime Biotechnology, Shanghai, China, and the 
DPPH assay kit (S30629) was obtained from Shanghai Yuanye Bio-Technology Co., Ltd. 
(Shanghai, China). All other reagents were of analytical grade unless otherwise specified.
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2.2. Preparation of Sample and Mixed Reference Standard Solutions
Red ginseng and Fuzi were separately pulverized and sieved, then thoroughly mixed 

at a mass ratio of 1:2. The solid-to-liquid ratio was expressed as the mass of herbal powder 
per milliliter of extraction solvent (mg/mL). The appropriate mass of mixed powder was 
weighed according to the solid-to-liquid ratio specified in Table 1 and placed in a 1.5-mL 
centrifuge tube. Methanol (1.00 mL) was added, and the mixture was vortexed and sub-
jected to ultrasound-assisted extraction at the designated duration, power, and temperature. 
The extract was centrifuged and allowed to cool to room temperature. Methanol was added 
to compensate for solvent loss and restore the extract to its initial volume, diluted to the 
specified concentration and passed through a microporous membrane filter before HPLC 
analysis and antioxidant assays.

Table 1. L9 (34 ) orthogonal extraction design for the red ginseng–Fuzi herb pair.

Sample
Ultrasonic
Duration 

(min)

Ultrasonic 
Power (W)

Solid-to-
Liquid
Ratio 

(mg/mL)

Ultrasonic 
Temperature

(°C)

S1 45 240 300 45
S2 45 280 360 55
S3 45 320 420 65
S4 55 240 360 65
S5 55 280 420 45
S6 55 320 300 55
S7 65 240 420 55
S8 65 280 300 65
S9 65 320 360 45

Each reference standard (Rb1 , Rd, Rf, BMA, BHA, MA, and HA; 1 mg) was accurately 
weighed, dissolved in methanol, and diluted to 1 mL to prepare individual stock solutions. 
Aliquots were combined in appropriate proportions and diluted to obtain a mixed reference 
standard solution, which was stored at 4 °C, protected from light.

2.3. HPLC Conditions
Chromatographic separation was performed on an Agilent ZORBAX Eclipse XDB-

C18 column (4.6 × 250 mm, 5 μm, Agilent Technologies, Santa Clara, CA, USA). Mobile 
phases A and B were acetonitrile and 0.1% aqueous phosphoric acid, respectively. The 
gradient was as follows: 0–7 min, 2–10% A; 7–10 min, 10–15% A; 10–13 min, 15–19% A; 
13–18 min, 19–24% A; 18–30 min, 24% A; 30–35 min, 24–32% A; 35–55 min, 32–34% A; and 
55–60 min, 34–40% A. At the end of the gradient program, the mobile phase was returned 
to its initial composition (2% acetonitrile), and the column was re-equilibrated for 10 min 
before the next injection; retention-time reproducibility was evaluated by repeated injections. 
The flow rate was 1.0 mL/min, the column temperature was 30 °C, the injection volume 
was 10 μL, and the detection wavelength was 203 nm.

2.4. HPLC Method Validation
A series of reference standard solutions was prepared by twofold serial dilution. The 

concentration ranges were 2.5–80 μg/mL for BMA, 1.469–47 μg/mL for BHA, 0.344–11 μg/mL 
for MA, 1.844–59 μg/mL for Rf, 0.563–18 μg/mL for HA, 7.813–250 μg/mL for Rb1 , and 
3.75–120 μg/mL for Rd. Calibration curves were constructed using ordinary least-squares 
(OLS) linear regression of chromatographic peak area (y) against analyte concentration 
(x, μg/mL). Six concentration levels were analyzed in triplicate for each marker compound. 
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The limits of detection (LOD) and quantitation (LOQ) were calculated using LOD = 3.3σ/S 
and LOQ = 10σ/S, respectively, where σ represents the standard deviation of the response 
and S represents the slope of the calibration curve. The estimated limits were further verified 
experimentally using low-concentration standard solutions. Instrumental precision was 
evaluated by consecutive injections of the same sample solution. Repeatability was assessed 
using six independently prepared sample solutions. Solution stability was evaluated by 
analyzing the same sample solution at 0, 2, 4, 8, 12, and 24 h. During the evaluation period, 
the sample solution was stored at 4 °C and protected from light. Precision, repeatability, 
and stability were expressed as relative standard deviations (RSDs).

2.5. Single-Factor Experiments and Orthogonal Extraction Design
Single-factor experiments examined the effects of ultrasonic temperature (15, 25, 35, 

45, 55, 65, and 75 °C), duration (25, 35, 45, 55, 65, 75, and 85 min), power (80, 120, 160, 200, 
240, 280, and 320 W), and solid-to-liquid ratio (60, 120, 180, 240, 300, 360, and 420 mg/mL) 
on the extraction of the seven marker compounds. Each condition was tested in triplicate. 
Three levels of each factor were selected based on the single-factor experimental results 
(Figure 1), and nine extracts (S1–S9) were prepared according to an L9 (34 ) orthogonal 
design (Table 1). The primary purpose of this design was to generate samples with sufficient 
chemical variation for spectrum–effect analysis, rather than to establish a final extraction 
process based solely on one antioxidant endpoint.

Figure 1. Residual plots of the ordinary least-squares (OLS) calibration curves for seven marker 
compounds. Residuals represent the differences between observed and predicted peak areas. 
Each concentration level was analyzed in triplicate (n = 3). The dashed horizontal line indicates
zero residual.

The solid-to-liquid ratio was defined as the mass of herbal powder divided by the 
volume of extraction solvent (mg/mL). For example, 300 mg/mL indicates that 300 mg of 
mixed red ginseng–Fuzi powder was added to 1.00 mL of methanol.

2.6. Fingerprint Construction and Similarity Evaluation
Samples S1–S9 and the mixed reference standard solution were analyzed under the 

chromatographic conditions described above. Chromatographic data were imported into 
the Similarity Evaluation System for Chromatographic Fingerprints of Traditional Chinese 
Medicine (version 2012.130723). Common peaks were determined after peak matching 
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and retention time alignment. A reference fingerprint (Control) was generated using the 
median method, and similarities were calculated both among samples and between each 
sample and the reference fingerprint. Selected common peaks were tentatively assigned by 
comparison with the retention times of the mixed reference standards.

2.7. Measurement of In Vitro Antioxidant Activity
2.7.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was measured in a microplate format according to 
the kit instructions. An aliquot of each sample was mixed with DPPH working solution, 
incubated at room temperature in the dark, and measured at 517 nm. Scavenging activity 
was calculated as follows: DPPH radical scavenging activity (%) = [1 − (Ai − Aj )/A0 ] ×
100%, where Ai  is the absorbance of the sample–DPPH mixture, Aj  is the absorbance of 
the sample blank, and A0  is the absorbance of the DPPH control. Concentration–response 
curves were constructed using a series of extract concentrations to determine the DPPH 
IC50  values. Six replicate measurements were performed for each sample, and the results 
were expressed as the mean ± standard deviation (SD).

2.7.2. Ferric Reducing Antioxidant Power
FRAP working solution was prepared according to the kit instructions, and a calibration 

curve was established using a series of FeSO4  standard solutions. Samples were reacted with 
the FRAP working solution, and absorbance was measured at 593 nm. Antioxidant capacity 
was calculated from the calibration curve and expressed as mmol/L Fe2+  equivalents. The 
FRAP EC50  values were calculated according to the predefined response criterion using the 
corresponding concentration–response data. Six replicate measurements were performed 
for each sample, and sample means were used for spectrum–effect analysis.

2.8. Spectrum–Effect Analysis
All 51 common peaks were first included in an unbiased spectrum–effect analysis 

to identify chromatographic features associated with antioxidant activity. Among these 
peaks, seven peaks were assigned to known compounds by comparison with reference 
standards. These structurally assigned peaks were further examined as an interpretable 
subset to evaluate the consistency of evidence across Spearman correlation, PLS-VIP, and 
grey relational analysis. Importantly, all multivariate models were constructed using the 
full set of 51 common peaks, and the seven identified peaks were interpreted within the 
overall results rather than analyzed in a separate reduced model.

2.9. Statistical Analysis
Antioxidant assay results are presented as the mean ± standard deviation (SD) of 

six replicate measurements per sample. Differences among groups were assessed using 
one-way analysis of variance (ANOVA), followed by Tukey’s honestly significant difference 
(HSD) test for pairwise comparisons when the ANOVA result was significant. For each 
endpoint, different letters indicate statistically significant differences, whereas identical let-
ters indicate no significant difference. Spectrum–effect analysis was performed as described 
in Section 2.8. A two-sided p < 0.05 was considered statistically significant.

3. Results
3.1. HPLC Method Performance

The calibration curves of the seven marker compounds were constructed using OLS 
regression. Residual analysis was further performed to assess calibration linearity, and 
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the corresponding residual plots are provided in Figure 1. All seven marker compounds 
exhibited good linearity over their respective concentration ranges, with R2  = 0.999 for 
every calibration curve. Mean recoveries ranged from 91.99% to 103.31%, indicating gener-
ally acceptable accuracy. RSDs ranged from 0.72% to 6.74% for precision, 1.62% to 5.97% 
for repeatability, and 0.87% to 3.59% for stability, indicating generally satisfactory instru-
mental precision, method repeatability, and sample solution stability. Detailed results 
are presented in Table 2. The validated LOD and LOQ values for the seven marker com-
pounds are presented in Table 2. Comparison with the corresponding analyte concentra-
tions in the samples confirmed that all quantitatively reported values were above their 
respective LOQs, supporting the reliability of the quantitative results within the validated
concentration ranges.

Table 2. Linearity, recovery, precision, repeatability, and stability of the seven marker compounds.

Compound Regression Equation
(R2 )

Mean
Recovery (%)

Precision
RSD (%)

Repeatability
RSD (%)

Stability
RSD (%)

LOD 
(𝛍g/mL)

LOQ 
(𝛍g/mL)

BMA y = 7.8 × 103 x − 6.46 (0.999) 91.99 ± 1.33 0.72 2.30 2.43 2.5 7.576
BHA y = 3.6 × 103 x + 3.73 (0.999) 97.19 ± 7.43 6.07 4.32 3.27 1.469 4.452
MA y = 2.8 × 104 x − 3.67 (0.999) 103.31 ± 5.58 2.18 5.97 3.59 0.344 1.042
Rf y = 3.7 × 103 x + 3.72 (0.999) 93.52 ± 4.20 6.74 4.87 2.57 1.844 5.588

HA y = 1.4 × 104 x − 1.06 (0.999) 96.72 ± 9.11 6.18 3.49 1.15 0.563 1.706
Rb1 y = 3.8 × 103 x + 4.98 (0.999) 94.59 ± 5.93 2.05 1.62 0.87 7.813 23.676
Rd y = 4.5 × 103 x − 0.21 (0.999) 93.59 ± 2.23 6.47 4.54 2.39 3.75 11.364

The validation results supported the applicability of the established HPLC method 
for comparative chromatographic fingerprint analysis under the specified experimental 
conditions. Further comprehensive method validation would be necessary for broader 
quantitative quality-control applications.

3.2. Single-Factor Experiments and Selection of Factor Levels
The effects of ultrasonic duration, temperature, solid-to-liquid ratio, and ultrasonic 

power on the extraction of the seven marker compounds were investigated by single-factor 
experiments (Figure 2). Variations in the individual marker contents were observed with 
changes in the extraction parameters, while the composite index showed distinct over-
all trends. Based on the contents of the seven marker compounds and the composite 
index, three representative levels of each factor were selected for the subsequent L9 (34 )
orthogonal design.

3.3. HPLC Fingerprints and Common Peak Matching
Chromatograms of the mixed reference standards and a representative sample, together 

with the overlaid chromatograms of S1–S9, are shown in Figure 3. All samples displayed a 
broadly consistent elution order within 0–60 min, and 51 common peaks were matched. 
Comparison with the retention times of the mixed reference standards assigned P35, P38, 
P42, P44, P45, P46, and P51 to BMA, BHA, MA, Rf, HA, Rb1 , and Rd, respectively. These 
findings indicate that the established chromatographic conditions can simultaneously 
characterize ginsenosides from red ginseng and diterpenoid alkaloids from Fuzi.

3.4. Fingerprint Similarity Analysis
The similarity heatmap showed off-diagonal similarity values of 0.960–0.999 among 

S1–S9 and Control (Figure 4). Similarities between S2 and S3, S4 and S8, and S6 and S7 were 
all 0.999. Both S7 and S8 also showed a similarity of 0.999 to Control. Excluding S1, most 
pairwise similarities were ≥0.986. Similarities between S1 and the other samples ranged 
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from 0.960 to 0.978. Although still high, these values were clearly lower than those of the 
other combinations, suggesting that the combination of a shorter ultrasonic duration, lower 
power, and lower temperature may have altered the relative peak area distribution. Overall, 
the samples showed strong consistency in elution order and major chemical composition 
while retaining quantitative variation suitable for spectrum–effect modeling.

Figure 2. Effects of single extraction factors on the contents of seven marker compounds and the com-
posite index of the red ginseng–Fuzi herb pair: (A) ultrasonic duration; (B) ultrasonic temperature; 
(C) solid-to-liquid ratio; (D) ultrasonic power. Different letters indicate significant differences in the 
composite index among different levels of each factor (p < 0.05).

3.5. In Vitro Antioxidant Activity of Extracts Prepared Under Different Conditions
As shown in Figure 5, both DPPH radical scavenging activity and FRAP values dif-

fered significantly among the nine samples prepared under different ultrasound-assisted 
extraction conditions (p < 0.05). DPPH scavenging activity ranged from 53.85% to 88.29%, 
with S7 showing the highest activity, followed by S8, and S2 showing the lowest activity. 
FRAP values ranged from 0.23 to 0.832 mmol/L Fe2+  equivalents, with S7 showing the 
highest value, followed by S8, and S1 showing the lowest value. The consistently high activ-
ities of S7 and S8 in both assays suggest that their extraction conditions favored stronger 
overall antioxidant activity. S4 exhibited markedly higher DPPH scavenging activity than 
S3, whereas their FRAP values were similar, indicating that the two assays reflect partly 
different reaction mechanisms. To further characterize the antioxidant activities of the 
nine extracts, the DPPH IC50  and FRAP EC50  values were also evaluated (Figure 5C,D). 
Differences in these parameters were observed among the extracts obtained under different 
ultrasound-assisted extraction conditions. In particular, S7 exhibited relatively low IC50 
and EC50  values, suggesting comparatively strong antioxidant activity. These findings pro-
vided additional information for the comparative evaluation of the antioxidant properties 
of the extracts.
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Figure 3. HPLC chromatograms and fingerprints of the red ginseng–Fuzi herb pair. (A) Mixed refer-
ence standards. (B) A representative sample and an enlarged chromatographic region. (C) Overlaid 
chromatograms of samples S1–S9 and the reference fingerprint. P35, P38, P42, P44, P45, P46, and 
P51 correspond to BMA, BHA, MA, Rf, HA, Rb1 , and Rd, respectively.

3.6. Spectrum–Effect Relationships Between Common Peaks and Antioxidant Endpoints
3.6.1. Screening of the 51 Common Peaks

To investigate the relationships between chromatographic variation and antioxidant 
activity, all 51 common peaks were initially included in the spectrum–effect analysis. Spear-
man correlation analysis revealed distinct association patterns between the chromatographic 
peaks and the two antioxidant endpoints (Figure 6A,B).

For DPPH activity, P18 and P39 showed the strongest positive correlations among 
the 51 common peaks, with Spearman correlation coefficients of 0.950. Several additional 
peaks, including P8, P2, and P20, also exhibited relatively strong positive associations 
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with DPPH activity. After correction for multiple testing using the false discovery rate 
(FDR), 17 peaks remained significantly correlated with DPPH activity. These findings 
indicated that variation in DPPH radical-scavenging capacity was associated with multiple 
chromatographic features rather than with a single dominant peak. Notably, some of 
the peaks showing the strongest statistical associations, including P18 and P39, were not 
structurally assigned in the present study.

Figure 4. Similarity heatmap of samples S1–S9 and the reference fingerprint.

Figure 5. In vitro antioxidant activity of samples S1–S9 (n = 6). (A) DPPH radical scavenging activity. 
(B) Ferric reducing antioxidant power. (C) DPPH IC50. (D) FRAP EC50. Different letters within 
the same endpoint indicate statistically significant differences between groups (Tukey’s HSD test, 
p < 0.05).
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Figure 6. Spectrum–effect relationships of the 51 common peaks with antioxidant endpoints. 
(A,B) Spearman correlation profiles for DPPH and FRAP, respectively. (C,D) PLS model fit and 
leave-one-out cross-validation (LOOCV) performance for DPPH and FRAP, respectively. In Figures 
(A,B), red indicates FDR < 0.05, orange indicates 0.05 ≤ FDR < 0.10, and gray indicates FDR ≥ 0.10. 
In Figures (C,D), blue indicates fitted R2 , orange indicates LOOCV Q2 , and gray indicates RMSECV.

The correlation profile for FRAP differed from that observed for DPPH. The correlations 
between individual common peaks and FRAP values were generally weaker and more dis-
persed, and no peak remained significant after FDR correction. Thus, the chromatographic 
features showing strong associations with DPPH activity were not necessarily those show-
ing strong associations with ferric-reducing capacity, indicating different spectrum–effect 
patterns for the two antioxidant endpoints.

Because substantial collinearity may exist among chromatographic peak areas, PLS 
regression was further performed using all 51 common peaks as predictor variables. The 
DPPH and FRAP models were both represented by one latent variable. Leave-one-out 
cross-validation yielded Q2  values of 0.201 for DPPH and 0.290 for FRAP (Figure 5C,D). 
The positive Q2  values indicated that both models retained some predictive information, 
although the overall predictive performance was modest. The corresponding model results 
further suggested that antioxidant variation reflected the combined contributions of multiple 
chromatographic variables rather than the effect of an isolated peak.

Taken together, the Spearman correlation and PLS analyses based on all 51 com-
mon peaks demonstrated that multiple chromatographic features were associated with 
antioxidant variation. The stronger and more concentrated associations observed for 
DPPH, together with the comparatively dispersed pattern for FRAP, also indicated that the 
two antioxidant assays captured partly different aspects of the chemical variation among
the extracts.
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3.6.2. Integrated Evaluation of Structurally Assigned Peaks
Among the 51 common peaks, seven peaks were structurally assigned by comparison 

with reference standards: P35, benzoylmesaconine (BMA); P38, benzoylhypaconine (BHA); 
P42, mesaconitine (MA); P44, ginsenoside Rf; P45, hypaconitine (HA); P46, ginsenoside 
Rb1; and P51, ginsenoside Rd. To enable compound-level interpretation of the spectrum–
effect relationships, the statistical evidence for these seven structurally assigned peaks was 
further compared using PLS-VIP, grey relational analysis, and the corresponding Spearman 
correlation results (Figure 7).

Figure 7. Integrated evidence for the seven structurally assigned peaks. (A) VIP values of the seven 
peaks in the DPPH and FRAP PLS models. (B,C) Grey relational grades and corresponding ranks 
for DPPH and FRAP, respectively. (D) Heatmap summarizing the relative evidence from Spearman 
correlation, PLS-VIP, and grey relational analyses. † indicates FDR < 0.05 for the Spearman correlation 
with DPPH.

VIP analysis showed that P35, P44, P45, and P46 had VIP values >1 in both the DPPH 
and FRAP PLS models (Figure 7A), indicating that these peaks made comparatively large 
contributions to explaining variation in both antioxidant endpoints. In contrast, P38, P42, 
and P51 did not show similarly consistent VIP support across the two models.

Grey relational analysis provided additional information on the associations between 
the seven structurally assigned peaks and antioxidant activity (Figure 7B,C). For DPPH, 
P44 and P46 showed relatively high grey relational grades and rankings. For FRAP, P35, 
P45, and P46 also received comparatively strong support. The ranking patterns were not 
identical between DPPH and FRAP, which was consistent with the differences observed in 
the correlation profiles of the two antioxidant assays.

The integrated heatmap summarized the relative evidence obtained from Spearman 
correlation, PLS-VIP, and grey relational analyses for the seven structurally assigned peaks 
(Figure 7D). Among these peaks, P35, P44, P45, and P46 showed comparatively consistent 
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support across the three analytical approaches, whereas P38, P42, and P51 received weaker 
or less consistent combined support. Within the former group, P44 and P46 showed partic-
ularly consistent evidence across the two antioxidant endpoints, while P35 and P45 were 
also supported by multiple analytical approaches.

Overall, the integrated analysis distinguished differences in the consistency of 
spectrum–effect evidence among the seven structurally assigned peaks. P35, P44, P45, 
and P46 therefore represented the structurally characterized peaks with the most consistent 
statistical support in the present dataset. Importantly, this integrated comparison was 
restricted to the seven peaks with established chemical identities and does not indicate that 
these four peaks exhibited the strongest associations among all 51 common peaks.

4. Discussion
The Shenfu herb pair combines red ginseng and Fuzi and is an important component 

of prescriptions used to replenish qi and warm yang. Recent experimental studies have 
reported redox-related protective effects of ginsenosides Rb1 , Rd, and Rf in distinct disease 
models [5–7]. Fuzi contains Aconitum diterpenoid alkaloids whose composition, biological 
activity, and toxicity depend on processing [8,9]. A recent study demonstrated synergis-
tic cardioprotection by benzoylaconitine and ginsenoside Rb1  through complementary 
effects on mitochondrial integrity [3]. This provides evidence for interactions between 
selected constituents, although it does not directly establish the behavior of the extracts 
examined here. Safety findings for Shenfu injection have also been reported in a preclinical 
sepsis model [25], emphasizing the need to assess defined preparations under specified 
experimental conditions. This study established an HPLC fingerprint and investigated 
spectrum–effect relationships using in vitro antioxidant activity as the response endpoint, 
with the aim of supporting research on potential active constituents and quality evaluation 
of the red ginseng–Fuzi herb pair.

HPLC fingerprinting identified 51 common peaks among the nine Shenfu extracts 
prepared under different conditions. Similarity values between the samples and the refer-
ence fingerprint ranged from 0.978 to 0.999, indicating broadly consistent elution order and 
major chemical composition. Most pairwise similarities exceeded 0.986, whereas S1 showed 
relatively lower similarities to the other samples, suggesting that extraction conditions 
may affect the extent of constituent extraction and their relative proportions. Despite high 
overall similarity, the common peak areas varied among samples. This combination of 
similar overall profiles and differing individual peak areas provided a suitable dataset 
for spectrum–effect analysis. Comparison with the retention times of the mixed reference 
standards assigned P35, P38, P42, P44, P45, P46, and P51 to BMA, BHA, MA, Rf, HA, 
Rb1 , and Rd, respectively, demonstrating that the HPLC method could simultaneously 
characterize ginsenosides and Fuzi diterpenoid alkaloids within a single chromatographic 
system. Method validation yielded R2  = 0.999 for all marker compounds, mean recoveries 
of 91.99–103.31%, and RSDs ≤ 6.74% for precision, repeatability, and stability, supporting 
the accuracy and reproducibility of the method.

Both DPPH radical scavenging activity and FRAP can be used to evaluate the in vitro 
antioxidant activity of herbal extracts, but they differ in their reaction mechanisms and 
analytical emphasis. The DPPH assay primarily reflects the ability to scavenge stable free 
radicals, whereas FRAP evaluates electron-donating and ferric reducing capacity [13,14]. In 
this study, both endpoints differed significantly among the nine Shenfu samples. S7 showed 
the highest activity in both assays, followed by S8, indicating that combinations of extraction 
conditions can influence the extraction of antioxidant-associated constituents. S4 showed 
relatively high DPPH scavenging activity but moderate ferric reducing capacity, suggesting 
that the constituents responsible for radical scavenging and ferric reduction may not fully 
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overlap. Combining DPPH and FRAP therefore allows complementary assessment of the 
in vitro antioxidant effects of the Shenfu herb pair and reduces the limitations of relying 
on a single assay. However, the high in vitro antioxidant activity of S7 does not establish 
its extraction conditions as optimal. Process evaluation should also consider ginsenoside 
yields, Aconitum alkaloid composition, and safety.

Given the chemical complexity of traditional Chinese medicines, fingerprint similar-
ity alone cannot establish relationships between individual constituents and biological 
effects. This study combined Spearman correlation analysis, PLS regression, and grey rela-
tional analysis to examine associations between common peaks and antioxidant endpoints 
in terms of univariate correlation, multivariate contribution, and similarity of variation 
patterns. Seventeen peaks remained significantly associated with DPPH after Benjamini–
Hochberg correction (FDR < 0.05), with P18 and P39 showing the strongest correlations. 
Further analysis of the seven common peaks assigned by reference standard comparison 
showed that P35 (BMA) was strongly and positively correlated with DPPH scavenging 
activity and remained significant after multiple-testing correction. For FRAP, P46 and 
P44 showed relatively high Spearman coefficients, but none of the common peaks remained 
significant after FDR correction. This may reflect the small number of independent sam-
ples (n = 9), the simultaneous testing of 51 variables, and the variability of the FRAP 
data. The FRAP correlations should therefore be interpreted as exploratory evidence of
potential associations.

PLS regression can evaluate the combined contributions of multiple variables to an-
tioxidant activity in the presence of collinearity among common peaks. Both the DPPH 
and FRAP models achieved comparatively favorable cross-validation performance with 
one latent variable, with Q2  values of 0.201 and 0.290, respectively. The models had some 
explanatory value, although their predictive performance remained limited. VIP analysis 
showed that P35, P44, P45, and P46 had VIP values > 1 in both models, suggesting relatively 
high contributions to variation in the two antioxidant endpoints. Grey relational analysis 
further showed that P44 and P46 ranked highly for DPPH, while P35, P45, and P46 also 
received some support for FRAP. Among the seven structurally assigned peaks, P35, P44, 
P45, and P46 showed relatively consistent support across the three analytical approaches, 
whereas P38, P42, and P51 received weaker combined support.

It is important to distinguish statistical prioritization from structural interpretability. In 
the overall analysis of all 51 common peaks, P18 and P39 showed the strongest correlations 
with DPPH activity and therefore represent important candidates for future structural 
identification. However, their chemical identities were not established in the present study. 
By contrast, seven common peaks were assigned using reference standards, allowing their 
spectrum–effect associations to be interpreted at the compound level. Therefore, P35, P44, 
P45, and P46 were highlighted not because they represented the strongest associations 
across the entire fingerprint, but because they combined established chemical identities 
with comparatively consistent spectrum–effect evidence.

The prioritized candidate peaks P35, P44, P45, and P46 correspond to BMA, Rf, HA, 
and Rb1 , respectively, and include both ginsenosides from red ginseng and diterpenoid 
alkaloids from Fuzi. This suggests that the in vitro antioxidant effects of the Shenfu herb 
pair may involve multiple classes of constituents. The relatively consistent associations of 
ginsenosides Rf and Rb1  across the statistical methods are compatible with recent reports 
that these compounds attenuate oxidative injury in experimental liver and cardiac disease, 
respectively [5,7]. However, those studies do not directly establish their contributions 
to DPPH or FRAP activity in the present extracts. Statistical support for BMA and HA 
suggests that Fuzi alkaloids may contribute to the overall biological effects of the herb 
pair in addition to serving as safety-related quality indicators. However, spectrum–effect 
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relationships represent statistical associations between changes in chromatographic peaks 
and changes in activity; the effects of collinearity among peaks or coordinated changes in 
multiple constituents cannot be excluded. In particular, HA poses a potential toxicity risk. 
Its content should not be increased as a process or quality optimization objective solely on 
the basis of an association with antioxidant activity.

Chromatographic fingerprinting can assess consistency in overall chemical composition 
but cannot independently establish links between chemical constituents and biological 
effects. Integrating fingerprints with DPPH and FRAP activities and multiple statistical 
methods allows potential activity-associated peaks to be screened while retaining overall 
chemical information. This approach supports investigation of the active constituents 
and quality evaluation of the Shenfu herb pair. The main contribution of this study is 
the establishment of associations between its HPLC fingerprint and in vitro antioxidant 
activity, together with the identification of candidate peaks including P35, P44, P45, and P46. 
Nevertheless, only nine independent samples were included, the PLS models lacked external 
validation, and both DPPH and FRAP were cell-free chemical assays. Future studies should 
include samples from additional batches, geographical origins, and processing conditions, 
confirm candidate peak structures using LC–MS, and validate their activity contributions 
using isolated compounds, reconstituted combinations, and cellular models of oxidative 
injury, following the experimental validation approaches used in recent spectrum–effect 
studies [17,22,23]. Given the processing-dependent toxicity of Fuzi and the preparation-
specific nature of safety findings [8,25], Aconitum alkaloid contents and cytotoxicity should 
also be assessed to develop a quality evaluation system that integrates chemical consistency, 
biological effects, and safety.

Although P18 and P39 showed strong correlations with antioxidant activity, their 
chemical identities remain undetermined. These peaks were therefore regarded as potential 
activity-associated features rather than confirmed bioactive compounds. Further struc-
tural characterization using LC–MS/MS and reference standards, together with activity 
validation, would be necessary to establish their chemical identities and contributions to
antioxidant activity.

Several limitations should be acknowledged. First, the relatively small number of 
independent extracts (n = 9) compared with the 51 chromatographic variables may affect 
the robustness of the spectrum–effect relationship models. In particular, the Q2  values of 
the PLS models for DPPH and FRAP were 0.201 and 0.290, respectively, indicating limited 
predictive performance. Therefore, the identified peaks should be interpreted as preliminary 
activity-associated candidates rather than confirmed bioactive compounds. Further studies 
involving larger sample sets, expanded extraction conditions, and independent validation 
are required to confirm these findings.

5. Conclusions
This study established an HPLC fingerprinting method and an approach for analyzing 

spectrum–effect relationships between HPLC fingerprints and in vitro antioxidant activity of 
the red ginseng–Fuzi herb pair. Fifty-one common peaks were matched across nine extracts 
prepared under different ultrasound-assisted extraction conditions. Fingerprint similarities 
were generally high, while differences in peak areas reflected extraction-related chemical 
variation. All samples exhibited DPPH radical scavenging and ferric reducing activities, 
with S7 showing the highest activity in both assays. Global analysis of the 51 common 
peaks identified multiple activity-associated chromatographic features, including several 
unassigned peaks such as P18 and P39 that showed strong associations with DPPH activity. 
Among the seven structurally assigned peaks, P35 (BMA), P44 (Rf), P45 (HA), and P46 
(Rb1) showed comparatively consistent support across Spearman correlation, PLS-VIP, 
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and grey relational analysis, with P44 and P46 showing the most consistent evidence. P44 
(Rf) and P46 (Rb1 ) received the most consistent support across methods. These findings 
provide experimental evidence supporting a shift from quality control based solely on 
chemical content toward an approach integrating chemical fingerprints with biological 
effects. Validation using isolated compounds, independent samples, and cellular assays, 
together with assessment of the balance between toxicity and activity, remains essential.
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ANOVA analysis of variance
BHA benzoylhypaconine
BMA benzoylmesaconine
CRediT Contributor Roles Taxonomy
DPPH 1,1-diphenyl-2-picrylhydrazyl
FDR false discovery rate
FRAP ferric reducing antioxidant power
GRA grey relational analysis
HA hypaconitine
HPLC high-performance liquid chromatography
HPLC–UV high-performance liquid chromatography with ultraviolet detection
HSD honestly significant difference
LC–MS liquid chromatography–mass spectrometry
LOOCV leave-one-out cross-validation
LV latent variable
MA mesaconitine
PLS partial least squares
Rb1 ginsenoside Rb1 
Rd ginsenoside Rd
Rf ginsenoside Rf
RMSECV root mean square error of cross-validation
RSD relative standard deviation
SD standard deviation
UV ultraviolet
VIP variable importance in projection
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