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Abstract

Grape pomace is a major byproduct of winemaking and a rich source of bioactive an-
thocyanins with potential functional value. This study aimed to optimize anthocyanin
extraction from Tannat grape pomace and evaluate its antioxidant and anti-aging activities.
Ultrasonic-assisted extraction combined with a Box–Behnken design identified optimal con-
ditions of 51.27 ◦C, 53.46% ethanol, 20.10 min ultrasonication, and a 1:24.05 solid-to-liquid
ratio, yielding 186.21 ± 1.03 mg/100 g (R2 = 0.9798, p < 0.0001). Tannat Grape Pomace
Anthocyanins showed strong antioxidant capacity, with 2,2-Diphenyl-1-picrylhydrazyl
scavenging of 89.44% ± 0.87% at 0.2 mg/mL (IC50 = 0.09 mg/mL) and 2,2′-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) scavenging of 95.83% ± 0.54% at 0.75 mg/mL
(IC50 = 0.26 mg/mL). In Caenorhabditis elegans, TGPA extended lifespan, improved motility,
and increased heat and oxidative stress resistance without reducing reproductive capacity.
Lifespan is a key indicator of aging. This study holds significant implications for advanc-
ing our understanding of the mechanisms underlying lifespan regulation, the connection
between aging and disease, as well as the development of anti-aging therapies for humans.
In conclusion, these findings indicate that Tannat Grape Pomace Anthocyanins possess
promising antioxidant and anti-aging potential and support the sustainable, high-value
utilization of grape pomace. This approach directly aligns with the core principles of
sustainable agriculture by transforming an agricultural byproduct into a valuable resource.

Keywords: anthocyanin; antioxidant activity; Caenorhabditis elegans; anti-aging activity;
response surface methodology; sustainable agriculture

1. Introduction
China’s wine industry produces more than one million liters annually, generating

large quantities of grape pomace as a byproduct. Currently, only a limited proportion of
this material is used for purposes such as animal feed, fertilizer preparation, or biogas
conversion, while most is discarded as waste [1]. This practice leads to environmental
pollution and extensive resource loss. Addressing these challenges requires unlocking the
biological value of grape pomace and developing efficient methods for its comprehensive
utilization [2]. In this context, the valorization of grape pomace aligns with the principles
of the circular economy, emphasizing the efficient use of resources and environmental
protection through reduction, reuse, and recycling. Given the abundance of bioactive
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compounds, particularly anthocyanins, in grape pomace, transforming it into value-added
products could reduce environmental impact and provide novel raw materials for the food
and pharmaceutical industries.

With socioeconomic development and rising living standards, consumer focus has
shifted toward foods with nutritional and health-promoting attributes, making functional
ingredients an important direction for future innovations in food science. Grape seeds and
skins within pomace are rich in multiple high-value bioactive compounds. Among these,
anthocyanins, representative water-soluble phytochemicals, have been well documented to
possess antioxidant, anticancer, and anti-inflammatory properties, as well as regulatory ef-
fects on blood pressure and lipids, support for visual function, prevention of cardiovascular
and cerebrovascular diseases, and delay of aging-related processes [3–10]. These character-
istics align with the development goals of modern nutritional health foods and provide a
promising entry point for the high-value transformation of grape pomace resources.

The Tannat grape, known for its rich polyphenolic content, is an ideal source of an-
thocyanins. Tannat grapes exhibit significantly higher levels of anthocyanins compared
to other grape varieties, making them especially relevant for antioxidant and anti-aging
research. This study aims to optimize the extraction process of anthocyanins from Tannat
grape pomace, providing a foundation for large-scale industrial production. In the experi-
ments, ultrasound-assisted extraction was selected due to its short extraction time, high
efficiency, and simplicity [11,12]. Given the solubility and pH sensitivity of anthocyanins,
ethanol, methanol, citric acid, and phosphoric acid were selected as extraction agents to
identify the optimal conditions for large-scale applications [13]. The study also evaluates
the antioxidant activity of the anthocyanin extract through in vitro assays to verify its
biological potential, focusing on free radical scavenging capabilities. These findings lay the
groundwork for further research into the anti-aging effects of the extract in vivo.

Aging refers to the progressive decline in an organism’s physiological and psycho-
logical adaptability, ultimately leading to death [14]. It represents the combined result of
multiple pathological, physiological, and psychological factors. Strategies to delay aging
and extend lifespan have long been hot topics in scientific research [15]. The free radical
theory is one of the classical hypotheses of aging, proposing that aging results from the
progressive accumulation of free radicals produced by cellular metabolism. These free
radicals can damage membrane structures, proteins, and DNA, accelerating the aging pro-
cess [16]. Caenorhabditis elegans is widely recognized as an advantageous model organism
for studying anti-aging and antioxidant mechanisms due to its high genetic homology
with humans, short life cycle, transparent body, and suitability for large-scale laboratory
cultivation. These characteristics make it an effective and reliable model for assessing the
functional roles of bioactive compounds in dietary components [17,18].

This study investigates the antioxidant and anti-aging properties of anthocyanins
extracted from wine grape pomace and optimizes their extraction process. The findings
provide scientific support for evaluating their bioavailability and potential applications in
health-oriented products, while offering theoretical guidance for industrial-scale utilization.
By enhancing the value of grape pomace, this work contributes to improving the wine
industry chain and promotes the sustainable, green development of local economies.

2. Materials and Methods
2.1. Materials and Chemicals

Tannat grape skins and pomace were obtained from Chateau State Guest (Danna
grapes were harvested in September from grapevines planted in 2007 at the Chateau State
Guest, Yantai, Shandong Province, China). The materials were dried at 40 ◦C, pulverized,
and passed through a 100-mesh sieve. The resulting powder was vacuum-sealed in alu-

https://doi.org/10.3390/agriculture16020236

https://doi.org/10.3390/agriculture16020236


Agriculture 2026, 16, 236 3 of 19

minum foil bags and stored at 4 ◦C in the dark until further use. Monohydrate citric acid,
anhydrous methanol, anhydrous sodium acetate, anhydrous ethanol, and flake sodium
hydroxide (China National Pharmaceutical Group Chemical Reagent Co., Ltd., Shanghai,
China). Concentrated hydrochloric acid (Yantai Sanhe Chemical Reagent Co., Ltd., Yantai,
China), analytical-grade phosphoric acid and potassium chloride (Shanghai Maclin Bio-
chemical Technology Co., Ltd., Shanghai, China). LB broth, LB agar, and nematode growth
medium (NGM) (Shandong Top Bioengineering Co., Ltd., Yantai, China). Total Antioxidant
Capacity Assay Kit with ABTS method (Beijing Solare Technology Co., Ltd., Beijing, China).

2.2. Instrumentation

A PHS-3C pH meter (Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China)
and YP1002N electronic balance (China Shanghai Precision Scientific Instrument Co., Ltd.
(Shanghai, China) were used. Absorbance was measured using a Thermo Fisher Scientific
Evolution 300 UV-Vis spectrophotometer (Thermo Fisher Scientific Co., Ltd., Shanghai,
China). Ultrasonic extraction was performed using KQ-300DE and KQ-3200DE digital
ultrasonic cleaners (Kunshan Shumei Ultrasonic Instrument Co., Ltd., Kunshan, China).
Centrifugation was carried out with an H2050R centrifuge (Hunan Xiangyi Laboratory
Instrument Development Co., Ltd., Hunan, China). A BHS-4 digital constant-temperature
water bath (Jiangyin Baoli Scientific Instrument Co., Ltd., Jiangyin, China) and a DHG-
9053A forced-air drying oven (Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai,
China) were also employed.

2.3. Optimal Extraction Solvent Screening

A total of 1.0000 g of Tannat grape pomace was placed into a conical flask, and the
extraction solvent containing 3% phosphoric acid, 3% methanol, 3% citric acid, and 60%
ethanol was added at a 1:25 solid-to-liquid ratio. The mixture was extracted at 50 ◦C for
20 min, followed by centrifugation at 4 ◦C and 8000 rpm for 10 min. The TGPA extraction
yield in the supernatant was determined to identify the optimal extraction reagent.

2.4. Single-Factor Experiment

Five material-to-liquid ratios (1:15, 1:20, 1:25, 1:30, and 1:35 g/mL) and six extraction
solvent concentrations (40.00%, 50.00%, 60.00%, 70.00%, 80.00%, and 90.00%) were set.
Ultrasonic power levels were 100 W, 200 W, and 300 W. Extraction times were 10 min,
20 min, 30 min, 40 min, and 50 min. Extraction temperatures were 45 ◦C, 50 ◦C, 55 ◦C,
60 ◦C, and 65 ◦C. These five factors were systematically examined to evaluate their effects
on TGPA extraction yield. Each condition was tested in triplicate.

2.5. Design of Response Surface Methodology (RSM)

Based on the single-factor experiments, a Box–Behnken response surface design was
conducted using Design-Expert 13. Four independent variables, extraction temperature
(A), solvent concentration (B), extraction time (C), and solid-to-liquid ratio (D), were
selected, with TGPA extraction yield (Y) as the response variable. A four-factor, three-level
optimization experiment was performed, as shown in Table 1.

Table 1. RSM Experimental Factors and Levels.

A/◦C B/% C/min D

−1 45 40 10 1:20
0 50 50 20 1:25
1 55 60 30 1:30
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2.6. Calculation of Anthocyanin Content

A 1.0 mL aliquot of extract was diluted to 10 mL using pH 1.0 and pH 4.5 buffers and
equilibrated in the dark for 30 min. Absorbance was then measured at 520 nm and 700 nm.
TGPA extraction yield was determined using the pH differential method:

A = (A520 − A700)pH1.0 − (A520 − A700)pH4.5

C(mg/100g) =
A × 449.2 × V

26, 900 × m
× DF × 100

where A is the difference in absorbance between the two pH conditions (L/(g·cm)), C
is the TGPA extraction yield in the sample (mg/100 g), V is the Total extract volume
(mL), m is the mass of grape skin weighed (g), 26,900 is molar extinction coefficient of
cyanidin-3-O-glucoside, (L/(mol·cm)), 449.2 is molecular mass of cyanidin-3-O-glucoside
(g/mol), and DF is the Dilution factor.

2.7. In Vitro Evaluation of TGPA Antioxidant Capacity
2.7.1. Determination of DPPH Radical Scavenging Activity of TGPA

Following the procedure of ref. [19] with slight modifications, 0.0197 g of DPPH was
accurately weighed and dissolved in anhydrous ethanol to a final volume of 50 mL. The
solution was then diluted to obtain a 0.2 mmol/L DPPH working solution. A 100 µL aliquot
of the 0.2 mmol/L DPPH ethanol solution was added to each well of a 96-well microplate,
followed by 100 µL of the sample-containing ethanol solution. After thorough mixing, the
microplate was incubated in the dark at room temperature for 30 min. Absorbance was
measured at 517 nm using a microplate reader (Labselect 11510, 96-well tissue culture plate,
Beijing Lanjieke Technology Co., Ltd., Beijing, China). The DPPH radical scavenging rate
was calculated as follows:

DPPH Radical Scavenging Rate (%) = (1 − AS − ASB
AC − ACB

)× 100

where AS represents the absorbance of the sample (100 µL sample solution + 100 µL DPPH
radical solution); ASB represents the absorbance of the blank sample (100 µL sample
solution + 100 µL anhydrous ethanol); AC represents the absorbance of sample C (100 µL
anhydrous ethanol + 100 µL DPPH radical solution); and ACB denotes the absorbance of
the blank control (200 µL of anhydrous ethanol).

2.7.2. Determination of ABTS Radical Scavenging Activity of TGPA

Freeze-dried TGPA extract was dissolved in 60% ethanol to prepare solutions at
concentrations of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, and 1 mg/mL. Antioxidant capacity
was determined using the ABTS Radical Scavenging Assay Kit (Solaibao, Beijing, China).
According to the kit instructions, samples were incubated in the dark at room temperature
for 6 min, followed by absorbance measurement at 405 nm.

The ABTS radical scavenging rate was calculated using the following formulas:

ABTS radical scavenging rate Dvc (%) = [(A0 − Avc)÷ Acontrol ]× 100%

ABTS radical scavenging rate D/% = [A0 − (A − Acontrol)]÷ Acontrol × 100%
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2.8. TGPA Anti-Aging Activity Study
2.8.1. Preparation of Escherichia coli OP50 Culture

A single colony of Escherichia coli OP50 was streaked onto LB agar plates without
antibiotics and incubated at 37 ◦C for 24 h. A single colony from the plate was then
transferred into 100 mL of LB broth and incubated at 37 ◦C in a shaking incubator for 20 h.

2.8.2. Nematode Culture and Synchronization

Following the method of ref. [20] with minor modifications, nematodes and eggs
were collected by washing NGM plates 1–2 times with M9 buffer in a laminar flow hood.
The suspension was transferred to a 1.5 mL centrifuge tube and centrifuged at 3000 rpm
for 1 min, after which the supernatant was discarded. A 1 mL aliquot of lysis buffer
(5 M NaOH:5% NaClO:sterile water = 1:1:1) was added, and the tube was vortexed until
nematodes lysed and the flocculent debris disappeared (not exceeding 5 min). The mixture
was centrifuged at 3000 rpm for 1 min to pellet eggs, and the supernatant was discarded.
The egg pellet was washed with 1 mL of M9 buffer, vortexed, and centrifuged at 3000 rpm
for 1 min. This wash was repeated twice. The final egg pellet was resuspended in 1 mL M9
buffer and transferred onto NGM plates seeded with Escherichia coli OP50. Approximately
0.2 mL of the suspension was dispensed per plate, followed by incubation at 20 ◦C for 48 h
to obtain synchronized L4-stage nematodes [21].

2.8.3. Experimental Groups

The blank control group consisted of NGM plates seeded with Escherichia coli OP50.
Treatment groups were prepared by coating NGM plates with mixtures of TGPA extracts at
various concentrations and OP50.

2.8.4. Nematode Lifespan Assay

Following the method of ref. [22] with minor modifications, synchronized adult ne-
matodes were transferred onto four groups of NGM plates: blank control, 0.25 mg/mL,
0.5 mg/mL, and 0.75 mg/mL TGPA. Each group consisted of three plates, each with 30 ne-
matodes, and was incubated at 20 ◦C. Day 0 represented the day of transfer. For the first
6 days, nematodes were transferred daily to fresh NGM plates containing the correspond-
ing TGPA concentration. After day 6, transfers were performed every other day. Survival
and mortality were recorded daily until all nematodes died.

Criteria for determining death were as follows: lack of movement when prodded with
a nematode pick. “Abnormal” deaths were removed daily, including (1) nematodes dried
on the plate walls, (2) nematodes accidentally killed during transfer, (3) nematodes lost due
to burrowing into the agar. A survival curve was constructed using the recorded data.

2.8.5. Motor Activity Assessment

According to the method of ref. [23] with minor modifications, nematodes were
exposed to 0.25 mg/mL, 0.5 mg/mL, and 0.75 mg/mL TGPA, along with a blank control.
Each group included 30 nematodes, and the experiment was repeated three times. Motor
activity was assessed on days 3, 6, and 9 of cultivation. Nematodes were categorized into
three activity levels: Grade A, spontaneous movement without tactile stimulation; Grade B,
movement only after gentle tactile stimulation; and Grade C, movement of only the head
or tail after tactile stimulation. The numbers of nematodes in each grade were recorded,
and the proportions were calculated.

2.8.6. Fertility Assay

L4-stage Caenorhabditis elegans (N2 strain) were grouped into batches of five nematodes
per plate, with three plates per group, following the same grouping used in motility testing.

https://doi.org/10.3390/agriculture16020236

https://doi.org/10.3390/agriculture16020236


Agriculture 2026, 16, 236 6 of 19

Adult nematodes were transferred daily to fresh plates at the same time each day for four
consecutive days to allow egg laying during the peak reproductive period. All plates
containing eggs were incubated at 20 ◦C. After approximately 2 days, when offspring
reached the larval stage, the total number of progeny in each group was counted [24].

2.8.7. Nematode Heat Stress Experiment

Using the same culture method as in the lifespan assay, synchronized L4-stage nema-
todes were treated with TGPA extracts at 1 mg/mL, 2 mg/mL, and 3 mg/mL for 3 days,
along with a blank control group. Each group consisted of three plates, each with 20 nema-
todes. After treatment, the incubator temperature was increased to 37 ◦C, designated as 0 h.
Nematode survival was recorded hourly until all nematodes died [25,26].

2.8.8. Acute Oxidative Stress Experiment

For the oxidative stress assay, synchronized L4-stage nematodes were cultured as
described above and treated with TGPA for 3 days, using the same concentration groups as
in the heat stress experiment. Each group consisted of three parallel plates with 20 worms
per plate. Nematodes were then transferred onto NGM plates containing 1.5% hydrogen
peroxide (prepared in sterile M9 buffer). Survival was assessed every 30 min, and survival
rates were calculated until all nematodes died.

2.9. Data Processing

Significant differences were analyzed using SPSS 27.0.1 (IBM Corp., Armonk, NY,
USA), with p < 0.05 considered statistically significant. Data visualization was performed
using OriginPro 2024b (OriginLab Corporation, Northampton, MA, USA) and GraphPad
Prism 9.5 (GraphPad Software, LLC, San Diego, CA, USA). All experiments were conducted
in triplicate.

3. Results
3.1. Optimization of TGPA Extraction Process
3.1.1. Screening for Optimal Extraction Reagent

As shown in Figure 1, TGPA extraction yields obtained with the four tested reagents
ranged from 12.11 ± 4.63 mg/100 g to 152.79 ± 3.93 mg/100 g. Among all solvents,
60% ethanol produced the highest yield, while 3% methanol resulted in the lowest. The
extraction efficiency achieved with 60% ethanol was significantly higher than that of the
other reagents, and the safety profile of ethanol aligns with the requirements of both the
food and pharmaceutical industries, indicating that 60% ethanol is the most suitable solvent
for TGPA extraction.

3.1.2. Effect of Different Solid-to-Liquid Ratios on TGPA Extraction Yield

TGPA extraction yields under different solid-to-liquid ratios ranged from 106.71 ±
3.57 mg/100 g to 154.46 ± 2.69 mg/100 g. As shown in Figure 1, the extraction yield initially
increased with increasing solvent volume, then declined. The yield at a 1:25 ratio was
significantly higher than that of the other groups, demonstrating that this ratio is optimal.
The subsequent decline in extraction efficiency may be due to the excessive solvent volume,
which increases the likelihood of co-extraction of impurities. Polysaccharides and proteins
can form stable complexes with anthocyanins via hydrogen bonding and hydrophobic
interactions. These complexes alter the absorbance characteristics of anthocyanins, prevent-
ing their accurate inclusion in the calculation of the “effective anthocyanin content” and
lowering the reported extraction yield. This observation is consistent with the impurity
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interference phenomenon reported by ref. [27] in their study on anthocyanin extraction
from blueberry pomace.

Figure 1. Single-factor test for the extraction of TGPA (A–F). In (A), different lowercase letters (a–c)
above the bars indicate statistically significant differences among groups (p < 0.05).

3.1.3. Effect of Different Concentrations on TGPA Extraction Yield

As shown in Figure 1, ethanol concentrations between 40.00% and 90.00% produced
TGPA extraction yields ranging from 48.01 ± 2.44 mg/100 g to 162.81 ± 3.43 mg/100 g. The
extraction trend followed an initial decline, a subsequent increase, and a final decrease. The
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maximum yield was observed at an ethanol concentration of 50.00%. At this concentration,
the polarity of the mixed solvent closely matched that of grape anthocyanins, promot-
ing efficient anthocyanin dissolution and yielding the highest extraction rate. Beyond
50.00%, increasing ethanol concentration reduced solution polarity, decreased compatibility
with the strongly polar anthocyanins, and decreased their solubility. This significantly
decreases anthocyanin solubility in high-concentration ethanol, reducing the amount that
can reach saturation and ultimately lowering extraction efficiency. Moreover, high ethanol
concentrations increase the solubility of non-polar or weakly polar substances, further
reducing extraction efficiency. Therefore, 50.00% ethanol was identified as the optimal
solvent concentration.

3.1.4. Effect of Ultrasonic Power on TGPA Extraction Yield

At an ultrasonic power of 300 W, TGPA extraction reached 121.90 ± 2.24 mg/100 g,
representing the highest yield among the tested power levels. Extraction at 100 W and 200 W
produced yields of 95.60 ± 2.49 mg/100 g and 112.30 ± 4.35 mg/100 g, corresponding to
reductions of 21.58% and 7.88% relative to 300 W. Thus, 300 W was determined to be the
optimal ultrasonic power.

3.1.5. Effect of Ultrasonication Time on TGPA Extraction Yield

As shown in Figure 1, TGPA yields under different ultrasonication times ranged from
83.49 ± 3.26 mg/100 g to 154.88 ± 3.44 mg/100 g. Extraction increased progressively as
ultrasonication time increased, showing increased dissolution of anthocyanins through
extended solvent–material contact. The highest yield was achieved at 20 min. However,
beyond 20 min, the extraction efficiency decreased significantly. Prolonged ultrasonication
may lead to structural degradation of previously extracted anthocyanins due to excessive
cavitation or localized heating, reducing the measurable anthocyanin content. Therefore,
20 min was identified as the optimal ultrasonication time.

3.1.6. Effect of Ultrasonic Temperature on TGPA Extraction Yield

As shown in Figure 1, the TGPA extraction yield initially increased with increasing
ultrasonic temperature and then declined. At 50 ◦C, the extraction yield was significantly
higher than that of the other groups. An increase in temperature enhances solvent pen-
etration, anthocyanin solubility, and the diffusion coefficient of solutes, improving mass
transfer efficiency and promoting anthocyanin release into the extraction medium. How-
ever, at excessively high temperatures, heat-sensitive polyphenols and anthocyanins may
undergo thermal degradation, leading to reduced stability and lower measurable levels.
Thus, based on the single-factor results, ultrasonication at approximately 50 ◦C provided
the most stable extraction conditions, with the highest TGPA content observed at 50 ◦C.

3.1.7. Response Surface Optimization of the Extraction Process

To further optimize extraction conditions, four variables, extraction temperature,
solvent concentration, extraction time, and solid-to-liquid ratio, were selected for Box–
Behnken RSM analysis, using TGPA yield as the response variable. The design and the
experimental results are presented in Tables 2 and 3, respectively.
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Table 2. Response RSM Design and Results for TGPA Extraction Process.

Test Number A/Extraction
Temperature/◦C

B/Extraction
Concentration (%)

C/Extraction Time
(min)

D/Extraction Ratio
(g/mL)

Concentration of
TGPA (mg/100 g)

1 55 50 20 30 149.605
2 45 50 20 30 149.305
3 55 40 20 25 142.04
4 45 50 20 20 165.319
5 50 50 20 25 192.455
6 50 60 20 30 143.95
7 50 50 30 20 167.332
8 55 60 20 25 141.698
9 45 40 20 25 132.912

10 50 50 10 20 169.327
11 50 40 20 20 143.269
12 50 50 20 25 193.212
13 50 50 20 25 195.125
14 50 40 30 25 137.096
15 50 50 20 25 191.212
16 50 40 10 25 140.183
17 55 50 20 20 153.296
18 50 40 20 30 147.261
19 45 50 10 25 153.183
20 50 50 30 30 151.964
21 50 50 20 25 190.125
22 50 50 10 30 157.3
23 45 60 20 25 153.465
24 50 60 30 25 138.183
25 50 60 20 20 175.321
26 45 50 30 25 131.329
27 50 60 10 25 167.154
28 55 50 30 25 141.941
29 55 50 10 25 142.339

Table 3. Analysis of Variance for RSM Regression Model.

Source Sum of Squares df Mean Square F-Value p-Value Significance

Model 10,641.58 14 760.11 48.39 <0.0001 **
A—Extraction Temperature 17.756 1 17.75 1.13 0.3058
B—Extraction concentration 494.22 1 494.22 31.46 <0.0001 **

C—Extraction Time 316.63 1 316.63 20.16 0.0005 **
D—Extraction Ratio 462.25 1 462.25 29.43 <0.0001 **

AB 109.15 1 109.15 6.95 0.0196 *
AC 115.08 1 115.08 7.33 0.0170 *
AD 37.97 1 37.97 2.42 0.1423
BC 167.49 1 167.49 10.66 0.0056 **
BD 312.64 1 312.64 19.90 0.0005 **
CD 2.79 1 2.79 0.18 0.6798
A2 4534.90 1 4534.90 288.68 <0.0001 **
B2 4277.08 1 4277.08 272.27 <0.0001 **
C2 2950.78 1 2950.78 187.84 <0.0001 **
D2 909.15 1 909.15 57.88 <0.0001 **

Residual 219.92 14 15.71
Lack of Fit 205.25 10 20.53 5.60 0.0557
Pure Error 14.67 4 3.67
Cor Total 10,861.51 28

R2 = 0.9798

Note: * indicates significant difference, p < 0.05; ** indicates highly significant difference, p < 0.01.

Using Design-Expert 13 to analyze the RSM data, the quadratic multiple regression
equation describing the relationship between anthocyanin content (Y) and the four inde-
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pendent variables, temperature (A), solvent concentration (B), extraction time (C), and
solid-to-liquid ratio (D), was obtained as follows:

Y = −3747.5009 + 105.5184 × A + 37.2585 × B + 6.3070 × C + 25.4498 × D − 0.1045 × A × B + 0.1073 × A × C +

0.1232 × A × D − 0.0647 × B × C − 0.1768 × B × D − 0.0167 × C × D − 1.0576 × A2 − 0.2568 × B2 − 0.2133 × C2 −
0.4736 × D2

(1)

As shown in Table 3, the regression model was highly significant (p < 0.0001), and
the coefficient of determination (R2 = 0.9798) indicated excellent model fit. An R2 value
this close to 1 demonstrates that the model reliably predicts TGPA extraction yield and is
suitable for optimization analysis. The relative influence of each extraction factor followed
the order: B > D > C > A, indicating that solvent concentration (B), solid-to-liquid ratio (D),
extraction time (C), and extraction temperature (A) had descending influence on TGPA
extraction yield. In response surface plots, steeper slopes and denser contour lines indicated
stronger interaction between two factors, often forming an elliptical contour. On the other
hand, flatter surfaces or circular contours indicated weaker interactions. As illustrated
in Figure 2, significant interaction effects were observed between: temperature (A) and
solvent concentration (B), temperature (A) and extraction time (C), temperature (A) and
solid-to-liquid ratio (D), concentration (B) and time (C), concentration (B) and solid-to-
liquid ratio (D), and time (C) and solid-to-liquid ratio (D). These interactions shaped the
final extraction efficiency.

Based on model optimization, the ideal extraction conditions were determined as
follows: extraction temperature: 51.27 ◦C; ethanol concentration: 53.46%; ultrasonication
time: 20.10 min; solid-to-liquid ratio: 1:24.05. Under these optimized parameters, the
theoretical TGPA yield was 190.24 mg/100 g. Verification experiments performed three
times under the same conditions yielded 186.21 ± 1.03 mg/100 g, demonstrating excellent
agreement with the predicted value and confirming the reliability of the regression model.

Compared with traditional extraction methods, the ultrasound-assisted extraction
process optimized in this study offers advantages such as high extraction efficiency, short
processing time, and reasonable solvent consumption. It is comparable to the efficiency of
the two-step biocatalytic extraction of anthocyanins from red grape pomace reported by
ref. [28] while being simpler in operation, lower in cost, and more suitable for industrial-
scale application.

3.2. In Vitro Antioxidant Studies of TGPA
3.2.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of TGPA is presented in Figure 3. Within
the tested mass concentration range, TGPA exhibited a clear dose-dependent increase
in antioxidant activity. As TGPA concentration increased, the radical scavenging rate
increased correspondingly. At a TGPA concentration of 0.2 mg/mL, the scavenging rate
was 89.44% ± 0.87%, with an IC50 of 0.09 mg/mL. These findings indicate that TGPA
possesses strong hydrogen-donating ability and effectively neutralizes DPPH free radicals.
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Figure 2. Response Surface Diagram and Contour Plots of the Effect of Factor Interactions on TGPA
Extraction Yield (A–L).

3.2.2. ABTS Radical Scavenging Capacity

TGPA also demonstrated significant ABTS radical scavenging activity. As shown in
Figure 3, the scavenging rate increased progressively with increasing TGPA concentration.
At 0.75 mg/mL, TGPA achieved a scavenging rate of 95.83% ± 0.54% and an IC50 value of
0.26 mg/mL. The strong ABTS radical-quenching activity further supports the potential of
TGPA as a potent antioxidant ingredient.
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Figure 3. Effects of TGPA on scavenging DPPH (A) and scavenging ABTS (B).

3.3. Anti-Aging Activity
3.3.1. Effect of TGPA Extract on the Lifespan of Caenorhabditis elegans

Nematodes were cultured under blank control conditions and in the presence of TGPA
at 0.25 mg/mL, 0.5 mg/mL, and 0.75 mg/mL. The survival curves of the treated and
control groups are shown in Figure 4.

Figure 4. Survival curves of Caenorhabditis elegans treated with TGPA (0, 0.25, 0.5, and 0.75 mg/mL).

As shown in Table 4, the average lifespan of the blank control group was 8.06 ±
0.58 days. Nematodes treated with 0.25 mg/mL, 0.5 mg/mL, and 0.75 mg/mL TGPA
demonstrated mean lifespans of 9.83 ± 0.34 days, 10.05 ± 0.42 days, and 10.16 ± 0.31 days,
respectively, representing lifespan extensions of 21.83%, 24.68%, and 26.05% relative to the
control. Significant lifespan extension (p < 0.05) occurred in the 0.5 mg/mL and 0.75 mg/mL
groups, whereas the 0.25 mg/mL group showed no statistically significant increase. These
results demonstrate that TGPA effectively delays natural aging in Caenorhabditis elegans,
with the protective effect increasing with concentration over the tested range. From a
molecular perspective, lifespan extension may be associated with the regulation of aging-
related signaling pathways by TGPA. Previous studies have demonstrated that the lifespan
of Caenorhabditis elegans is modulated by pathways such as the insulin/insulin-like
growth factor signaling (IIS) cascade, FOXO transcription factors, and SKN-1 [29,30].
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Table 4. Statistical table indicating the survival time of Caenorhabditis elegans treated with TGPA
(0, 0.25, 0.5, and 0.75 mg/mL).

Group Maximum Lifespan (Days) Average Lifespan (Days) p

Control 17 8.06 ± 0.58 ——
0.25 20 9.83 ± 0.34 >0.05
0.5 21 10.05 ± 0.42 * <0.05
0.75 25 10.16 ± 0.31 * <0.05

Note: * indicates significant difference, p < 0.05.

3.3.2. Effect of TGPA on Locomotor Ability in Caenorhabditis elegans

Muscle function in nematodes declines with aging, making locomotor ability a sen-
sitive indicator of physiological aging [31]. As shown in Figure 5, the proportion of
spontaneously motile Class A nematodes decreased progressively across all groups with
increasing age. By day 6, the percentage of Class A nematodes in the blank control group
was consistently lower than that in all TGPA-treated groups, indicating an earlier onset
of motor decline in untreated worms. The percentages of Class B and Class C nematodes
were also lower in the TGPA-treated groups than in the control group, suggesting that
supplementation with TGPA helped preserve neuromuscular function. By day 9, the loco-
motor ability of TGPA-treated nematodes remained significantly higher than that of the
blank control group. The proportion of Class C nematodes in the blank group reached
20.00%, compared with 16.67%, 11.67%, and 10.00% in the TGPA-treated groups, respec-
tively. The underlying response mechanisms may involve TGPA-mediated protection of
neuromuscular function. During aging, the muscle cells of Caenorhabditis elegans undergo
oxidative damage, which leads to structural abnormalities in contractile proteins such
as actin and myosin. The antioxidant activity of TGPA can mitigate the accumulation of
reactive oxygen species (ROS), thereby protecting muscle cells from oxidative stress and
preserving locomotor function. These findings indicate that TGPA significantly improves
locomotor activity in aging nematodes and delays their functional decline.

Figure 5. Effects of TGPA on the Motility of Caenorhabditis elegans.
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3.3.3. Effect of TGPA on Nematode Fertility

Fertility in Caenorhabditis elegans, as reflected in egg production, closely correlates
with aging and is therefore a key indicator of physiological decline [32]. As shown in
Figure 6A, egg production peaked on day 2 across all groups and was significantly higher
on this day than on other days. The control group exhibited the highest egg production on
day 2, followed by a more rapid decline in subsequent days, indicating an earlier onset of
reproductive aging. TGPA treatment moderately extended the duration of reproductive ac-
tivity, with treated nematodes maintaining egg-laying ability for a longer period compared
with controls. As shown in Figure 6B, no significant differences in total egg production
were observed among the groups. These findings suggest that TGPA extends lifespan in
Caenorhabditis elegans without compromising reproductive capacity, further supporting its
anti-aging effects.

Figure 6. Effects of TGPA on the Reproductive Capacity of Caenorhabditis elegans (A,B).

3.3.4. Effects of TGPA on Heat Stress in Nematodes

The lifespan of Caenorhabditis elegans is closely associated with its tolerance to external
stressors. Heat resistance under high-temperature exposure is a widely used indicator of
anti-aging capacity, as improved heat tolerance generally correlates with increased stress
resistance [33]. As shown in Figure 7, nematodes treated with 1 mg/mL, 2 mg/mL, and
3 mg/mL TGPA exhibited improved heat stress resistance, with mean lifespan increases of
5.96%, 13.17%, and 24.14%, respectively, compared with the control group. The 3 mg/mL
TGPA treatment achieved the longest survival time under heat stress, reaching 10 h. Lifespan
extension in all TGPA-treated groups was significantly higher than that of the control group
(p < 0.05). These results indicate that TGPA increases nematode resistance to heat-induced
physiological damage, demonstrating a clear protective effect against heat stress.

3.3.5. Effects of TGPA Extract on Acute Oxidative Stress Damage Induced by Hydrogen
Peroxide in Nematodes

The protective effects of TGPA on oxidative stress–induced injury in Caenorhabditis
elegans are shown in Figure 7. Following TGPA treatment, nematodes exhibited significantly
increased tolerance to hydrogen peroxide–induced oxidative stress. The average lifespan
of the blank control group was 186.5 ± 6.3 min. On the other hand, nematodes treated
with 2 mg/mL and 3 mg/mL TGPA achieved average lifespans of 191.0 ± 7.8 min and
201.0 ± 7.3 min, respectively, representing increases of 7.77% and 17.69% relative to controls
(p < 0.05). Regarding maximum lifespan, nematodes in the 3 mg/mL group reached a
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maximum survival of 330 min, whereas the control group reached 270 min. The 1 mg/mL
and 2 mg/mL groups reached maximum lifespans of 300 min. These results demonstrate
that TGPA significantly increases oxidative stress resistance in Caenorhabditis elegans, with a
dose-dependent trend indicating higher protection at higher TGPA concentrations.

From a physiological perspective, under heat stress, TGPA may activate the HSF-1 sig-
naling pathway to promote the expression of heat shock proteins (such as hsp-70), thereby
repairing heat-damaged proteins [34–36]. Under oxidative stress, TGPA enhances the
activity of antioxidant enzymes, such as SOD and CAT, reducing the accumulation of ROS
and MDA [37–39]. Moreover, TGPA may regulate mitochondrial function, improve energy
metabolism, and enhance the stress adaptation capacity of Caenorhabditis elegans [39]

Figure 7. Survival curves of Caenorhabditis elegans treated with ABTS (0, 1, 2, and 3 mg/mL) following
heat stress (37 ◦C) (A) and hydrogen peroxide stimulation (B).

4. Discussion
From a molecular pathway perspective, TGPA may exert its effects through multiple

mechanisms: first, by activating the FOXO/daf-16 pathway, it upregulates the expres-
sion of antioxidant genes such as sod-3 and ctl-1, enhancing the activity of antioxidant
enzymes [40]; second, by modulating the SKN-1 pathway, it promotes the expression of
detoxification genes like gst-4, reducing ROS accumulation [41–43]; third, by influencing
the HSF-1 signaling pathway, it increases the expression of heat shock proteins, thereby
enhancing protein homeostasis [44]. Furthermore, TGPA does not affect the reproductive
ability of Caenorhabditis elegans, which is an advantage over certain other anti-aging
substances (e.g., some polysaccharides mildly suppress reproduction). This highlights its
“healthy aging” benefits, possibly due to TGPA’s precise regulation of aging pathways
without interfering with the expression of reproductive-related genes.

Beyond pathway activation, structure–activity relationships (SAR) appear critical for
the efficacy and specificity of these bioactive compounds. Anthocyanins differ markedly
in their glycosylation patterns, aglycone cores, and degree of polymerization, all of which
influence cellular uptake, stability, and interaction with molecular targets. For example,
fermentation of purple sweet potato anthocyanins into smaller phenolic acids increased
bioavailability and upregulated longevity-associated genes including daf-16, hsp-16.2, and
skn-1 more effectively than their native forms, indicating that metabolic transformation and
compound structure significantly affect biological outcomes [45]. Similarly, the abundance
of petunidin-3-O-glucoside in black goji anthocyanins was closely associated with improved
stress resistance and lifespan extension, suggesting that specific substituents enhance
engagement with key signaling proteins [46].
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Comparative evidence also highlights potential limitations of polyphenol interven-
tions. Grape pomace extracts enriched in polyphenols increased stress resistance in
C. elegans and extended maximum lifespan at certain moderate concentrations, but higher
doses were detrimental, indicating hormetic dose responses that may depend on compound
composition and structural complexity [47]. This contrasts with TGPA’s consistent benefits
in our assays, suggesting that extraction optimization and anthocyanin profile may confer
advantages in both potency and safety.

This study is the first to systematically optimize the extraction process of anthocyanins
from Tannat grape pomace, filling a gap in the resource utilization of by-products from this
grape variety. It complements existing research on the pomace substances of other grape
varieties. Meanwhile, the antioxidant and anti-aging activities of TGPA are superior to those
of several reported natural products, offering a new option for the development of efficient
antioxidant and anti-aging functional ingredients. Moreover, TGPA exerts its anti-aging
effects without compromising reproductive ability, enhancing the safety and practical value
of its application. Additionally, by converting agricultural waste into high-value natural
compounds, this work contributes to resource recycling, reduces environmental burdens,
and offers a low-cost raw material source for the natural active ingredient and functional
food industries. Such utilization aligns with the principles of the green circular economy
and supports the sustainable expansion of value chains in viticulture and agriculture.

However, several limitations should be acknowledged. First, in vitro antioxidant
assays do not account for dynamic metabolic, absorption, and biotransformation processes
that occur in vivo. Second, we did not purify the crude extract to identify the specific
bioactive constituents responsible for the observed effects, nor did we delineate the precise
molecular pathways through which these effects are mediated. Third, while Caenorhabditis
elegans provides a convenient and highly informative model, its biological complexity is
limited, restricting the ability to directly extrapolate findings to mammals. These limitations
narrow the translational scope of the present results.

Future research should therefore extend this work to in vivo animal studies, purify
and characterize the active constituents within the crude extract, and elucidate the precise
molecular pathways using advanced multi-omics and mechanistic approaches, ultimately
progressing toward evaluation in mammalian models and preliminary clinical investigations.

5. Conclusions
This study used RSM based on a Box–Behnken design to optimize the extraction

of total anthocyanin glycosides (TGPA) from Tannat wine grape pomace. The optimal
extraction parameters were identified as an extraction temperature of 51.27 ◦C, an ethanol
concentration of 53.46%, an ultrasonication time of 20.10 min, and a solid-to-liquid ratio
of 1:24.05, yielding a TGPA content of 189.21 ± 1.03 mg/100 g. The crude extract exhib-
ited strong in vitro antioxidant activity, with clear concentration-dependent increases in
DPPH and ABTS radical scavenging abilities. At 0.2 mg/mL, TGPA achieved a DPPH
scavenging rate of 89.44% ± 0.87% (IC50 = 0.09 mg/mL), while 0.75 mg/mL resulted
in an ABTS scavenging rate of 95.83% ± 0.54% (IC50 = 0.26 mg/mL). The Caenorhabditis
elegans assays further demonstrated the biological efficacy of TGPA. Concentrations of
0.5 mg/mL and 0.75 mg/mL significantly prolonged lifespan and improved locomotor
performance (p < 0.05). At higher concentrations (3 mg/mL), TGPA increased resistance
to heat and oxidative stress without compromising reproductive output, underscoring its
anti-aging potential.

These findings confirm that TGPA from grape pomace possesses significant antiox-
idant and geroprotective properties. This study represents a pioneering effort to de-
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velop anthocyanin-based functional ingredients from Tannat grape pomace, a winemak-
ing byproduct.
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