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Abstract  11 

Pinus koraiensis leaves are a potential source of health-promoting phytochemicals. However, previous 12 

studies have primarily examined ethanol extracts or oil-based preparations. Here, we developed a food-13 

compatible formulation consisting of pressed Korean pine leaf juice (PKJ) and coconut water (CW), 14 

designated PC, and evaluated its biological activities in vitro. PC exhibited greater antioxidant activity 15 

and higher phenolic and flavonoid assay responses than either component alone. Literature-based 16 

network analysis identified candidate targets associated with oxidative stress and inflammation, 17 

including BCL2, CASP3, HMOX1, IL6, NFE2L2, and NOS2. In LPS-stimulated THP-1 cells, PC 18 

suppressed iNOS/NO and pro-inflammatory cytokine responses. In HepG2 cells, PC restored 19 

glutathione-related antioxidant defense and Nrf2 expression under H₂O₂-induced oxidative stress and 20 

attenuated fructose-induced lipogenic and inflammatory responses. In H₂O₂-stimulated Caco-2 cells, 21 

PC restored glutathione-dependent antioxidant defense, suppressed iNOS/NO responses, and recovered 22 

GLP-1, ZO-1, and claudin-1 expression. Collectively, PC attenuated oxidative, inflammatory, metabolic, 23 

and intestinal epithelial stress, supporting its potential as a functional food formulation. 24 

Keywords: Pinus koraiensis; pressed juice; coconut water; antioxidant activity; glutathione; functional 25 



food. 26 

1. Introduction 27 

Pinus koraiensis, commonly known as Korean pine, is a coniferous species native to Northeast Asia, 28 

including Korea, China, Russia, and Japan. Its leaves have attracted increasing attention as a potential 29 

natural resource because previous studies have reported multiple biological activities of P. koraiensis 30 

leaf-derived preparations, including antioxidant, anti-inflammatory, anticancer, anti-obesity, 31 

antidiabetic, antihyperlipidemic, and anti-fatigue effects [1-5]. In particular, recent studies have 32 

investigated P. koraiensis leaf materials prepared by extractive methods, such as leaf extracts, essential 33 

oils, and supercritical CO₂-extracted oils, and demonstrated their bioactivities in several experimental 34 

models. However, these preparations differ from food-compatible pressed juice materials, which may 35 

be more suitable for beverage-type functional food applications. Plant-derived phenolic compounds and 36 

flavonoids are major contributors to antioxidant activity because they can scavenge free radicals and 37 

participate in cellular redox regulation. Radical scavenging assays such as DPPH and ABTS are widely 38 

used to estimate the antioxidant potential of natural products, although their results should be interpreted 39 

together with phytochemical contents and cellular functional assays because each assay reflects 40 

different reaction mechanisms [6]. Therefore, evaluating total polyphenol content, flavonoid content, 41 

and cellular antioxidant responses provides a more comprehensive assessment of functional food 42 

materials than chemical antioxidant assays alone. Coconut water (CW) is a natural beverage matrix 43 

containing sugars, minerals, amino acids, organic acids, and phenolic compounds, and its nutritional 44 

composition and biological activities have been reviewed in relation to hydration, antioxidant potential, 45 

and food processing applications [7-8]. Previous studies have also shown that coconut water contains 46 

measurable phenolic compounds and exhibits antioxidant activity, although the levels vary depending 47 

on coconut maturity, variety, and processing conditions [8]. Based on these characteristics, CW may 48 

serve not only as a palatable beverage base but also as a formulation matrix that could modify the 49 

dispersion, stability, or measurable recovery of phytochemicals from plant-derived materials. Oxidative 50 

stress and inflammation are closely linked biological processes involved in hepatic and intestinal 51 



epithelial dysfunction. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor 52 

that regulates cytoprotective antioxidant responses, including glutathione-related redox defense 53 

pathways [9-13]. In HepG2 cells, hydrogen peroxide (H₂O₂) is widely used to induce oxidative stress-54 

mediated hepatocellular injury, characterized by increased reactive oxygen species, altered glutathione 55 

redox balance, reduced antioxidant enzyme activity, and activation of oxidative inflammatory signaling 56 

[14-17]. Thus, the H₂O₂-induced HepG2 model provides a useful in vitro system for evaluating 57 

antioxidant and hepatoprotective potential. In addition to oxidative stress, fructose overload has been 58 

used to induce metabolic and lipogenic stress responses in HepG2 cells. Previous studies reported that 59 

fructose treatment can increase triglyceride accumulation and upregulate lipogenesis-related factors, 60 

including sterol regulatory element-binding protein-1c (SREBP-1c) and fatty acid synthase (FAS), 61 

although fructose-induced responses in HepG2 cells may vary depending on culture conditions and 62 

experimental design [18-22]. Macrophage-mediated inflammation is another important target for 63 

evaluating functional food materials. Lipopolysaccharide (LPS)-stimulated THP-1 cells are commonly 64 

used as an in vitro inflammatory model, in which LPS induces pro-inflammatory mediators such as 65 

inducible nitric oxide synthase (iNOS), nitric oxide (NO), tumor necrosis factor-α (TNF-α), and 66 

interleukin-6 (IL-6) [23-27]. Therefore, suppression of iNOS/NO production and pro-inflammatory 67 

cytokine expression in LPS-stimulated THP-1 cells can provide evidence for anti-inflammatory activity. 68 

The intestinal epithelium is a critical barrier that regulates nutrient absorption, host-microbiota 69 

interactions, and protection against luminal stressors. Tight junction proteins, including zonula 70 

occludens-1 (ZO-1) and claudins, are essential for maintaining epithelial barrier integrity [28-33]. 71 

Oxidative stress can disrupt epithelial tight junctions, and H₂O₂-treated Caco-2 cells have been widely 72 

used as an in vitro model of oxidative intestinal epithelial injury and barrier dysfunction [33-36]. In 73 

addition, Caco-2 cells have been used as a human intestinal epithelial model to examine glucagon-like 74 

peptide-1 (GLP-1)-related responses, although GLP-1 findings in this cell line should be interpreted as 75 

epithelial functional responses rather than complete enteroendocrine physiology [37-39]. In the present 76 

study, we developed a pressed Korean pine leaf juice/coconut water mixed formulation, designated PC, 77 

as a functional food-compatible material for functional beverage applications. Unlike previously studied 78 



P. koraiensis leaf preparations obtained through ethanol or oil extraction, PKJ was prepared by aqueous 79 

homogenization and pressing, and CW was incorporated as a beverage-type mixed formulation. The 80 

PKJ formulation ratio was selected through antioxidant-based formulation screening, while the 81 

concentration range used for subsequent cellular experiments was determined from antioxidant activity 82 

and total polyphenol and flavonoid profiles. To provide hypothesis-generating mechanistic context, a 83 

literature-based network analysis was performed using phytochemicals previously reported in P. 84 

koraiensis and C. nucifera. The biological effects of the selected PC formulation were then evaluated 85 

in LPS-stimulated THP-1 cells, H₂O₂- and fructose-treated HepG2 cells, and H₂O₂-treated Caco-2 cells 86 

to investigate its anti-inflammatory, antioxidant, metabolic stress-modulating, and intestinal epithelial 87 

protective potential. 88 

2. Materials and Methods 89 

2.1. Preparation of pressed Korean pine leaf juice (PKJ) and PKJ-coconut beverage (PC) 90 

Fresh P. koraiensis leaves were purchased from the Duwibong Farming Association Corporation 91 

(Jeongseon, Gangwon-do, South Korea) in 2025. The leaves (500 g) were thoroughly washed and 92 

homogenized with distilled water at a 1:2 (w/v) ratio using a blender (DA282-2, Artlon, Gyeonggi-do, 93 

South Korea), followed by juice extraction using a juicer (CS700KC, NUC, Daegu, South Korea). The 94 

resulting juice was centrifuged at 1,000 rpm for 3 min, and the supernatant was collected as pressed 95 

Korean pine leaf juice (PKJ). For heat-treated samples, PKJ was heated at 100 °C for 15 min as a 96 

laboratory-scale thermal processing step prior to formulation. The PKJ-coconut formulation (PC) was 97 

prepared using coconut water (CW) (Nam Viet Foods and Beverage JSC, Vietnam). The formulation 98 

ratio was selected on the basis of preliminary antioxidant screening. Because the 1:9 formulation 99 

retained antioxidant activity comparable to that of the 1:1 formulation while containing a lower 100 

proportion of PKJ, the 1:9 ratio was selected for subsequent functional evaluation. PC was therefore 101 

prepared by mixing 10% (v/v) PKJ with 90% (v/v) CW.  102 

2.2. Total Phenolic Content  103 



The total phenolic content (TPC) of each sample was determined using the Folin-Ciocalteu method [40] 104 

with slight modifications. Gallic acid was used as the standard compound for calibration. Briefly, 50 μL 105 

of each sample was added in triplicate to a 96-well plate (SPL Life Sciences, Pocheon, South Korea), 106 

followed by the addition of 50 μL of Folin-Ciocalteu reagent and incubation at room temperature for 107 

10 min. Subsequently, 50 μL of 10% (w/w) sodium carbonate solution was added, and the mixture was 108 

further incubated at room temperature for 1 h. Absorbance was measured at 765 nm using a microplate 109 

reader (Thermo Fisher Scientific, Waltham, MA, USA). TPC was calculated using a gallic acid standard 110 

curve (0-1000 μg/mL) and expressed as μg gallic acid equivalents (GAE)/mL of fresh sample. 111 

2.3. Total Flavonoid Content  112 

The total flavonoid content (TFC) of each sample was determined according to the method of Davis 113 

[41] with slight modifications. Quercetin and catechin were used as reference standards for calibration. 114 

Briefly, 50 μL of each sample was added in triplicate to a 96-well plate. Subsequently, 50 μL of 90% 115 

diethylene glycol and 50 μL of 1 N NaOH were added to each well. The mixture was incubated at room 116 

temperature for 1 h, and absorbance was measured at 420 nm using a microplate reader (Thermo Fisher 117 

Scientific, Waltham, MA, USA). TFC was calculated using quercetin and catechin standard curves (0-118 

1000 μg/mL) and expressed as μg quercetin equivalents (QE)/mL and μg catechin equivalents (CE)/mL 119 

of fresh sample, respectively. 120 

2.4. DPPH Radical Scavenging Activity 121 

The DPPH radical scavenging activity was determined according to the method of Blois [42]. Briefly, 122 

100 μL of each sample was mixed with 100 μL of 0.2 mM DPPH solution (1,1-diphenyl-2-123 

picrylhydrazyl; Sigma-Aldrich, St. Louis, MO, USA) in a 96-well plate. The reaction mixture was 124 

incubated in the dark at room temperature for 30 min. Absorbance was measured at 517 nm using a 125 

microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Ascorbic acid (0-1000 μg/mL) was 126 

used to generate the standard curve. The radical scavenging activity (RSA) was calculated and 127 

expressed as ascorbic acid equivalent antioxidant capacity (AEAC).  128 



2.5. ABTS Radical Scavenging Activity  129 

The ABTS radical scavenging activity was determined according to the method of Verzelloni et al. [43]. 130 

ABTS radical cations were generated by mixing 7.4 mM ABTS solution [2,2′-azino-bis(3-131 

ethylbenzothiazoline-6-sulfonic acid); Sigma-Aldrich, St. Louis, MO, USA] with 2.7 mM potassium 132 

persulfate solution at a 1:1 ratio, followed by incubation in the dark at room temperature for 14 h. The 133 

ABTS solution was diluted with 50% methanol to obtain an absorbance of 0.7-0.8 at 734 nm. Briefly, 134 

100 μL of each sample was mixed with 100 μL of the ABTS solution in a 96-well plate and incubated 135 

for 30 min at room temperature. Absorbance was measured at 734 nm using a microplate reader 136 

(Thermo Fisher Scientific, Waltham, MA, USA). Ascorbic acid (0-1000 μg/mL) was used to generate 137 

the standard curve. The radical scavenging activity (RSA) was calculated and expressed as ascorbic 138 

acid equivalent antioxidant capacity (AEAC). 139 

2.6. Synergy Analysis 140 

The interaction between PKJ and CW was evaluated using the SynergyFinder platform. Various 141 

concentration combinations of PKJ and CW were prepared in a matrix format, and antioxidant response 142 

values were converted to the response format required for synergy analysis. Synergy Scores were 143 

calculated using the Zero Interaction Potency (ZIP) model. Positive ZIP scores were interpreted as 144 

evidence of a greater-than-expected combined antioxidant response. The synergy analysis was used as 145 

one component of the formulation-selection process together with direct antioxidant activity 146 

measurements. 147 

2.7. Bioinformatics Analysis 148 

The bioactive compounds of P. koraiensis and C. nucifera were identified based on previously published 149 

studies. Shared phytochemicals reported in both species were analyzed using the Comparative 150 

Toxicogenomics Database (CTD) to identify compound-associated target genes. Disease-associated 151 

genes related to inflammation, oxidative stress, non-alcoholic fatty liver disease, diabetes, and chronic 152 

colitis were collected using the GeneShot database. Overlapping genes among the disease-associated 153 



gene sets and compound-associated targets were subsequently identified. Protein-Protein Interaction 154 

(PPI) networks of the overlapping targets were analyzed using the STRING database to identify 155 

candidate molecular nodes potentially relevant to the subsequent cellular experiments. 156 

2.8. Cell Culture 157 

The human monocytic leukemia cell line THP-1 (Cat. No. 40202, Korean Cell Line Bank, Seoul, South 158 

Korea), human hepatocellular carcinoma cell line HepG2 (Cat. No. HB-8065, ATCC, Manassas, VA, 159 

USA), and human colorectal adenocarcinoma cell line Caco-2 (Cat. No. 30037.1, Korean Cell Line 160 

Bank, Seoul, South Korea) were used in this study. THP-1 cells were cultured in Roswell Park Memorial 161 

Institute (RPMI)-1640 medium (Cat. No. LM011-01, WELGENE, Daegu, South Korea) supplemented 162 

with 10% fetal bovine serum (FBS) and 1% antibiotic solution. HepG2 cells were cultured in 163 

Dulbecco’s Modified Eagle Medium (DMEM; Cat. No. LM001-01, WELGENE, Daegu, South Korea) 164 

supplemented with 10% FBS and 1% antibiotic solution. Caco-2 cells were cultured in Minimum 165 

Essential Medium (MEM; Cat. No. LM007-01, WELGENE, Daegu, South Korea) supplemented with 166 

10% FBS and 1% antibiotic solution. All cells were maintained at 37 °C in a humidified incubator 167 

containing 5% CO₂. 168 

2.9. Cell Viability Assay 169 

THP-1, HepG2, and Caco-2 cells were seeded into 96-well plates at a density of 2 × 10⁴ cells/well and 170 

incubated for 24 h. The cells were then treated with various concentrations of PC (0.16-10%), H₂O₂ 171 

(12.5-800 μM; Duksan Pure Chemicals, Gyeonggi-do, South Korea), or D-(−)-fructose (0.3-20 mM; 172 

Sigma-Aldrich, St. Louis, MO, USA) for an additional 24 h. Cell viability was evaluated using a 173 

CELLOMAX cell viability kit (Precaregene, Gyeonggi-do, South Korea) according to the 174 

manufacturer’s instructions. Briefly, 10 μL of CELLOMAX reagent was added to each well, followed 175 

by incubation in the dark for 1 h at 37°C. The absorbance was measured at 450 nm using a microplate 176 

reader (Tecan Sunrise, Männedorf, Switzerland), and cell viability was determined as previously 177 

described [44]. Cell viability was expressed as a percentage relative to the untreated control group. 178 



2.10. Nitric Oxide (NO) Production Assay  179 

NO production was evaluated using the Griess method [45]. THP-1 cells (1 × 10⁶ cells), HepG2 cells 180 

(5 × 10⁵ cells), and Caco-2 cells (4 × 10⁵ cells) were seeded into 6-well plates (SPL Life Sciences, 181 

Gyeonggi-do, South Korea). THP-1 cells were treated with LPS (1 μg/mL) in the presence or absence 182 

of PC (0.625%, 1.25%, or 2.5%). HepG2 and Caco-2 cells were treated with H₂O₂ (200 μM and 100 183 

μM, respectively) in the presence or absence of PC for 24 h. After incubation, 50 μL of culture 184 

supernatant was mixed with nitrate and sulfanilamide solutions, and the reaction mixture was incubated 185 

in the dark for 10 min. Absorbance was measured at 570 nm using a microplate reader (Tecan, 186 

Männedorf, Switzerland). 187 

2.11. Glutathione (GSH/GSSG, Total) Assay 188 

HepG2 cells (5 × 10⁵ cells) and Caco-2 cells (4 × 10⁵ cells) were seeded into 6-well plates and incubated 189 

for 24 h. The cells were treated with H₂O₂ (200 μM and 100 μM, respectively) in the presence or absence 190 

of PC (0.625%, 1.25%, or 2.5%) for 24 h. Total glutathione (GSH/GSSG) levels were measured using 191 

an EZ-Glutathione Assay Kit (DE-GLU200, DoGenBio Co., Ltd., Seoul, South Korea) according to the 192 

manufacturer’s instructions. Briefly, 50 μL of standards, blanks, and samples were added to 96-well 193 

plates, followed by the addition of 50 μL of chromogen (DTNB) and 50 μL of enzyme solution (GR) to 194 

each well. After incubation at room temperature for 5 min, 50 μL of NADPH solution was added. 195 

Absorbance was measured kinetically at 412 nm for 3 min at intervals of 30 s or less using a microplate 196 

reader (Tecan, Männedorf, Switzerland). 197 

2.12. RNA Isolation and qRT-PCR 198 

THP-1 cells (1 × 10⁶ cells), HepG2 cells (5 × 10⁵ cells), and Caco-2 cells (4 × 10⁵ cells) were seeded 199 

into 6-well plates and incubated for 24 h. THP-1 cells were treated with LPS (1 μg/mL) in the presence 200 

or absence of PC (0.625%, 1.25%, or 2.5%). HepG2 and Caco-2 cells were treated with H₂O₂ (200 μM 201 

and 100 μM, respectively) in the presence or absence of PC for 24 h. Total RNA was isolated using 202 

TRIzol™ Reagent (Cat. No. 15596026, Invitrogen™, Carlsbad, CA, USA). Complementary DNA 203 



(cDNA) was synthesized using a High-Capacity cDNA Reverse Transcription Kit (M1701, Promega, 204 

Madison, WI, USA). Quantitative real-time PCR was performed using a SYBR Green RT-PCR kit 205 

(Bioneer, Seoul, South Korea). The primer sequences used for qRT-PCR are listed in Table 1. Gene 206 

expression was analyzed for inducible nitric oxide synthase (iNOS), glucagon-like peptide-1 (GLP-1), 207 

glutamate-cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase modifier subunit 208 

(GCLM), glutathione synthetase (GSS), and β-actin. Amplification and analysis were conducted using 209 

the Thermal Cycler Dice® Real-Time System III (Takara Bio Inc., Shiga, Japan). Relative gene 210 

expression levels were normalized to β-actin using the 2−ΔΔCt method. 211 

2.13. Western Blot Analysis 212 

THP-1 cells (1 × 10⁶ cells), HepG2 cells (5 × 10⁵ cells), and Caco-2 cells (4 × 10⁵ cells) were 213 

seeded into 6-well plates and incubated for 24 h. THP-1 cells were treated with LPS (1 μg/mL) in the 214 

presence or absence of PC (0.625%, 1.25%, or 2.5%). HepG2 cells were treated with H₂O₂ (200 μM) 215 

Table 1. Primer sequences used in this study. 

Gene Forward primer Reverse primer 

iNOS GCTCTACACCTCCAATGTGACC CTGCCGAGATTTGAGCCTCATG 

GLP-1 CGTTCCCTTCAAGACACAGAGG ACGCCTGGAGTCCAGATACTTG 

GCLC GGAAGTGGATGTGGACACCAGA GCTTGTAGTCAGGATGGTTTGCG 

GCLM TCTTGCCTCCTGCTGTGTGATG TTGGAAACTTGCTTCAGAAAGCAG 

GSS CCAAGACCGAAGGCTGTTTGTG TGTGACCTCTCCAGCAGTAGAC 

β-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT 

 



or fructose (10 mM) in the presence or absence of PC for 24 h, whereas Caco-2 cells were treated with 216 

H₂O₂ (100 μM) in the presence or absence of PC for 24 h. Cells were lysed using RIPA buffer 217 

containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM 218 

EDTA, 1 mM Na₃VO₄, 1 mM NaF, and protease inhibitor cocktail. Protein concentrations were 219 

determined using the DC™ Protein Assay Kit II (Cat. No. 5000112, Bio-Rad, Hercules, CA, USA). 220 

Equal amounts of protein were separated on 6-15% SDS-PAGE gels and transferred onto Hybond ECL 221 

nitrocellulose membranes (Cat. Nos. 10600002 and 10600001, Amersham Pharmacia, Piscataway, NJ, 222 

USA). Membranes were blocked with 5% non-fat dry milk (Cat. No. 232100, BD, Franklin Lakes, NJ, 223 

USA) for 1 h at room temperature and incubated overnight at 4°C with primary antibodies (Table 2). 224 

After washing, membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse 225 

or anti-rabbit secondary antibodies. Protein bands were visualized using an enhanced 226 

chemiluminescence (ECL) detection system (Cat. No. RPN2209, Amersham Pharmacia, Piscataway, 227 

NJ, USA).  228 

Table 2. Antibodies used in this study.  

Antibody Company Dilution Product No. 

iNOS Aviva  1:1000 OAED00107 

ZO-1 Cell Signaling 1:1000 D7D12 

Claudin-1 Cell Signaling 1:1000 D5H1D 

Nrf2 Santa Cruz 1:1000 sc-365949 

FAS Cell Signaling 1:1000 C20G5 

SREBP-1 Santa Cruz 1:1000 sc-365513 



Aviva Systems Biology (San Diego, CA, USA); Cell Signaling Technology (Danvers, MA, USA); Sa229 

nta Cruz Biotechnology (Dallas, TX, USA); Sigma-230 

Aldrich (St. Louis, MO, USA); Jackson ImmunoResearch (West Grove, PA, USA). 231 

2.14. Statistical Analysis  232 

The data are presented as mean ± standard deviation (SD) from three independent experiments. 233 

Statistical analyses were conducted using one-way analysis of variance (ANOVA) followed by 234 

Duncan's multiple range test using SigmaPlot software (version 14.0; Systat Software Inc., San Jose, 235 

CA, USA). Different letters (a-c) indicate significant differences among groups (p < 0.05). The symbol 236 

# indicates a significant difference compared with the control group, whereas * indicates a significant 237 

difference compared with the LPS-, H₂O₂-, or fructose-treated group (#/*p < 0.05, ##/**p < 0.01, 238 

###/***p < 0.001). 239 

3. Results 240 

3.1 Determination of the selected PC formulation based on antioxidant activity and 241 

phytochemical characteristics 242 

The antioxidant properties of PKJ, CW, and their mixed formulation PC were first evaluated to establish 243 

an appropriate formulation for subsequent functional studies. PKJ showed concentration-dependent 244 

DPPH and ABTS radical scavenging activities, whereas CW alone exhibited minimal antioxidant 245 

activity (Figure 1a and b). PC consistently showed greater antioxidant responses than either PKJ or CW 246 

TNF-α Santa Cruz 1:1000 sc-52746 

IL-6 Santa Cruz 1:1000 sc-28343 

β-actin Sigma-Aldrich 1:20,000 A5316 

Goat anti-rabbit IgG (HRP) Jackson 1:5000 111-035-003 

Goat anti-mouse IgG (HRP) Jackson 1:5000 115-035-003 



alone. Consistent with these observations, PC exhibited higher total polyphenol and flavonoid assay 247 

values than the individual components (Figure 1c-e). ZIP analysis further indicated a positive 248 

interaction between PKJ and CW across the tested concentration combinations, with a mean synergy 249 

score of 16.15 (p=0.00000681) (Figure 1f). Comparison of 1:1 and the 1:9 PKJ formulations showed 250 

comparable antioxidant activity (Figure 1g). Because the 1:9 formulation retained antioxidant 251 

performance despite containing a substantially lower proportion of PKJ, this ratio was selected as the 252 

PC formulation for subsequent experiments. The selected 1:9 formulation was subsequently evaluated 253 

at 0.625%, 1.25%, and 2.5%. PC showed greater DPPH and ABTS antioxidant responses than PKJ or 254 

CW alone across these concentrations (Figure 1h and i). Similarly, total polyphenol and flavonoid assay 255 

values were significantly higher in PC than in the components (Figure 1j-l). Together, these findings 256 

provided the basis for selecting the 1:9 formulation and the concentration range used in subsequent 257 

cellular assays.  258 

3.2 Network-based pharmacology analysis suggested potential molecular targets associated with 259 

PC-related compounds 260 

Following selection of the PC formulation, a network pharmacology-based analysis was performed to 261 

explore the potential molecular targets underlying its biological activity. Phytochemicals previously 262 

reported in P. koraiensis and C. nucifera were collected, and their putative target genes were compared 263 

with disease-associated gene sets related to inflammation, oxidative stress, non-alcoholic fatty liver, 264 

diabetes, and chronic colitis (Figure 2a). Gallic acid, catechin, and epicatechin were identified as 265 

phytochemicals reported in both plant sources (Figure 2b). Target prediction of these shared compounds 266 

identified overlapping genes associated with inflammatory and oxidative stress responses, including IL-267 

6, IL-1β, BCL-2, CASP3, AKT1, MAPK1, PTGS2 and NOS2 (Figure 2c). Comparisons with disease-268 

associated gene sets further identified shared molecular targets across inflammation, oxidative stress, 269 

non-alcoholic fatty liver disease, diabetes, and chronic colitis (Figure 2d-h). Integrated analysis 270 

identified BCL2, CASP3, HMOX1, IL6, NFE2L2, and NOS2 as common candidate targets (Figure 2i-271 

k). These results were considered hypothesis-generating and provided a molecular framework for 272 



interpreting the subsequent cellular experiments rather than direct evidence of the chemical composition 273 

of PC. 274 

3.3 Anti-inflammatory effects of PC in LPS-stimulated THP-1 cells 275 

The PC concentration range used in the functional assays was selected from the antioxidant and 276 

phytochemical screening described above. Cell viability was examined in THP-1 cells to verify that the 277 

concentrations used for subsequent experiments did not produce substantial nonspecific cytotoxicity. 278 

PC showed no marked reduction in cell viability at the lower concentrations used for mechanistic 279 

evaluation, although modest decreases were observed at higher concentrations (Figure 3a). LPS 280 

stimulation significantly increased iNOS expression compared with untreated control cells (Figure 3b). 281 

However, treatment with PC reduced LPS-induced iNOS expression in a concentration-dependent 282 

manner. Consistently, LPS markedly increased nitric oxide production, whereas PC treatment 283 

significantly suppressed NO levels in LPS-stimulated THP-1 cells (Figure 3c). Western blot analysis 284 

further showed that LPS increased the expression of iNOS, TNF-α, and IL-6, whereas PC treatment 285 

attenuated the upregulation of these inflammatory mediators (Figure 3d). In contrast, PC treatment 286 

attenuated the LPS-induced upregulation of these proteins. These findings indicate that PC suppresses 287 

LPS-induced inflammatory responses in THP-1 cells, including the iNOS/NO axis and pro-288 

inflammatory cytokine expression.  289 

3.4 Protective effects of PC against H2O2-induced oxidative stress and fructose-induced metabolic 290 

stress in HepG2 cells  291 

To evaluate the hepatoprotective potential of PC, HepG2 cells were exposed to H2O2 to establish an in 292 

vitro oxidative stress-mediated hepatocellular injury model. Cell viability analysis confirmed that the 293 

PC concentrations used for subsequent mechanistic studies did not cause substantial cytotoxicity, while 294 

H2O2 progressively reduced HepG2 cell viability (Figure 4a and b). H2O2 exposure significantly reduced 295 

the expression levels of glutamate-cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase 296 

modifier subunit (GCLM), and glutathione synthetase (GSS), indicating impairment of the glutathione-297 



dependent antioxidant defense system (Figure 4c-e). However, PC treatment markedly restored the 298 

expression of these antioxidant-related genes in a concentration-dependent manner. Consistently, the 299 

GSH/GSSG ratio, which was substantially decreased by H2O2 treatment, was significantly recovered by 300 

PC treatment (Figure 4f). H2O2 also increased iNOS expression and NO production, whereas PC 301 

attenuated both responses (Figure 4g and h). In addition, H2O2 reduced Nrf2 protein expression, which 302 

was partially restored by PC treatment (Figure 4i). The protective effect of PC was further examined 303 

under fructose-induced metabolic stress conditions. Fructose increased the expression of lipogenesis-304 

related proteins fatty acid synthase (FAS) and sterol regulatory element-binding protein 1 (SREBP-1), 305 

and increased iNOS expression compared with untreated cells. PC treatment progressively attenuated 306 

these fructose-induced changes (Figure 4j). These results suggest that PC suppresses fructose-induced 307 

metabolic stress by suppressing both lipogenic and inflammatory responses in HepG2 cells. 308 

3.5 Protective effects of PC against H₂O₂-induced oxidative intestinal epithelial injury in Caco-2 309 

cells  310 

We next investigated whether the protective effects of PC extended to intestinal epithelial cells using 311 

an H2O2-induced Caco-2 oxidative injury model. Cell viability analysis confirmed that the PC 312 

concentrations used for functional experiments did not cause substantial nonspecific cytotoxicity, 313 

whereas increasing H₂O₂ concentrations progressively reduced Caco-2 cell viability (Figure 5a and b). 314 

H₂O₂ exposure significantly decreased the expression levels of GCLC, GCLM, and GSS, which are key 315 

enzymes involved in glutathione biosynthesis and redox regulation (Figure 5c-e). In contrast, PC 316 

treatment restored the expression of these antioxidant defense-related genes in a concentration-317 

dependent manner. Consistently, the GSH/GSSG ratio, which was markedly reduced by H₂O₂ exposure, 318 

was significantly recovered following PC treatment (Figure 5f). These results indicate that PC enhances 319 

glutathione-dependent antioxidant defense and restores intracellular redox balance in H₂O₂-stimulated 320 

Caco-2 cells. We then examined whether the restoration of antioxidant defense was accompanied by 321 

suppression of oxidative inflammatory responses. H₂O₂ markedly increased iNOS expression and nitric 322 

oxide production, whereas PC treatment significantly suppressed these increases (Figure 5g and h). In 323 



addition, H₂O₂ reduced GLP-1 expression, while PC treatment restored GLP-1 levels, suggesting that 324 

PC may help preserve intestinal epithelial functional responses under oxidative stress conditions (Figure 325 

5i). Finally, the effect of PC on epithelial barrier-related proteins was assessed. H₂O₂ reduced the 326 

expression of the tight junction–associated proteins ZO-1 and claudin-1, whereas PC treatment restored 327 

their expression in Caco-2 cells (Figure 5j). These findings suggest that PC may contribute to the 328 

preservation of intestinal epithelial barrier integrity under oxidative stress conditions. Collectively, 329 

these results demonstrate that PC protects Caco-2 cells against H₂O₂-induced oxidative epithelial injury 330 

by restoring glutathione-dependent antioxidant defense, suppressing iNOS/NO-mediated oxidative 331 

inflammatory responses, and preserving epithelial barrier-associated proteins. 332 



333 



Figure 1. Optimization of the PKJ-coconut beverage formulation based on antioxidant activity, 334 

phytochemical content, and synergy analysis. (a) DPPH radical scavenging activity and (b) ABTS 335 

radical scavenging activity of PKJ, CW, and PC formulations at different mixing ratios; (c) total 336 

polyphenol content expressed as gallic acid equivalents, (d) total flavonoid content expressed as 337 

quercetin equivalents, and (e) total flavonoid content expressed as catechin equivalents of PKJ, CW, 338 

and PC formulations; (f) SynergyFinder analysis showing the interaction between PKJ and CW, with a 339 

mean ZIP synergy score of 16.15; (g) comparison of antioxidant activity between the 1:1 and 1:9 PKJ 340 

formulations used for formulation selection; (h) DPPH radical scavenging activity and (i) ABTS radical 341 

scavenging activity of PKJ, CW, and the selected 1:9 PC formulation at 0.625%, 1.25%, and 2.5%; (j) 342 

total polyphenol content expressed as gallic acid equivalents, (k) total flavonoid content expressed as 343 

quercetin equivalents, and (l) total flavonoid content expressed as catechin equivalents of PKJ, CW, and 344 

PC at 0.625%, 1.25%, and 2.5%. Data are presented as the mean ± SD of three independent experiments. 345 

Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by 346 

Duncan’s multiple range test. Different letters (a-c) indicate significant differences among groups (p < 347 

0.05). 348 



 349 



Figure 2. Network pharmacology analysis identifying potential molecular targets associated with PC-350 

derived compounds. (a) Schematic workflow of the network pharmacology analysis used to identify 351 

shared target genes associated with compounds derived from Pinus koraiensis and Cocos nucifera and 352 

disease-related gene sets; (b) Venn diagram showing common phytochemicals identified between P. 353 

koraiensis and C. nucifera; (c) overlapping target genes predicted from the shared phytochemicals; (d-354 

h) overlap analyses between compound-associated target genes and disease-associated genes related to 355 

(d) inflammation, (e) oxidative stress, (f) non-alcoholic fatty liver, (g) diabetes, and (h) chronic colitis; 356 

(i) Venn diagram showing common disease-associated genes identified among inflammation, oxidative 357 

stress, non-alcoholic fatty liver, diabetes, and chronic colitis; (j) integrated overlap analysis identifying 358 

common molecular targets shared between PC-associated compounds and disease-related gene sets; (k) 359 

STRING-based interaction network analysis of the overlapping core genes. 360 



 361 

Figure 3. Anti-inflammatory effects of PC in LPS-stimulated THP-1 cells. (a) Cell viability of THP-1 362 

cells treated with PC; (b) relative iNOS mRNA expression in THP-1 cells stimulated with 1 μg/mL LPS 363 

and treated with PC; (c) nitric oxide (NO) production in THP-1 cells; (d) Western blot analysis of iNOS, 364 

TNF-α, and IL-6 protein expression in THP-1 cells. Data are presented as the mean ± SD of three 365 

independent experiments. The symbol # indicates significant differences compared with the untreated 366 

control group, whereas * indicates significant differences compared with the LPS-treated group (#/*p 367 



< 0.05, ##/**p < 0.01, ###/***p < 0.001). 368 



 369 



Figure 4. Protective effects of PC against H₂O₂-induced oxidative stress and fructose-induced 370 

lipogenesis in HepG2 cells. (a) Cell viability of HepG2 cells treated with PC; (b) cell viability of HepG2 371 

cells following H₂O₂ treatment; (c-e) relative mRNA expression levels of GCLC, GCLM, and GSS in 372 

200 μM H₂O₂-stimulated HepG2 cells treated with PC; (f) intracellular GSH/GSSG ratio in HepG2 cells; 373 

(g) relative iNOS mRNA expression in H₂O₂-stimulated HepG2 cells; (h) nitric oxide (NO) production 374 

in HepG2 cells; (i) Western blot analysis of Nrf2 protein expression in HepG2 cells; (j) Western blot 375 

analysis of FAS, SREBP-1, and iNOS protein expression in 10 mM fructose-treated HepG2 cells. Data 376 

are presented as the mean ± SD of three independent experiments. The symbol # indicates significant 377 

differences compared with the untreated control group, whereas * indicates significant differences 378 

compared with the H₂O₂- or fructose-treated group (#/*p < 0.05, ##/**p < 0.01, ###/***p < 0.001).  379 



 380 



Figure 5. Protective effects of PC against H₂O₂-induced oxidative intestinal epithelial injury in Caco-2 381 

cells. (a) Cell viability of Caco-2 cells treated with PC; (b) cell viability of Caco-2 cells following H₂O₂ 382 

treatment; (c-e) relative mRNA expression levels of GCLC, GCLM, and GSS in 100 μM H₂O₂-383 

stimulated Caco-2 cells treated with PC; (f) intracellular GSH/GSSG ratio in Caco-2 cells; (g) relative 384 

iNOS mRNA expression in H₂O₂-stimulated Caco-2 cells; (h) nitric oxide (NO) production in Caco-2 385 

cells; (i) relative GLP-1 mRNA expression in H₂O₂-stimulated Caco-2 cells; (j) Western blot analysis 386 

of ZO-1 and claudin-1 protein expression in Caco-2 cells. Data are presented as the mean ± SD of three 387 

independent experiments. The symbol # indicates significant differences compared with the untreated 388 

control group, whereas * indicates significant differences compared with the H₂O₂-treated group (#/*p 389 

< 0.05, ##/**p < 0.01, ###/***p < 0.001).  390 

4. Discussion 391 

In the present study, we developed a pressed Korean pine leaf juice (PKJ)/coconut water (CW) 392 

formulation, designated PC, and evaluated its functional food-applicable properties using chemical 393 

antioxidant assays, network-based target prediction, and multiple in vitro cellular models. Previous 394 

studies on P. koraiensis leaves have primarily focused on extract- or oil-based preparations, including 395 

ethanol extracts, essential oils, and supercritical CO₂-extracted oils, which have been associated with 396 

antioxidant, anti-inflammatory, anti-cancer, metabolic, antimicrobial, and anti-fatigue activities [1-5]. 397 

In contrast, the present study used pressed Korean pine leaf juice (PKJ), a food-compatible aqueous 398 

material, thereby providing a processing approach more readily adaptable to beverage-type functional 399 

food applications.  400 

A major advantage of using PKJ is the avoidance of organic solvent extraction and the retention of a 401 

water-based matrix containing hydrophilic constituents. From a functional food perspective, this 402 

approach has practical advantages because it reduces the need for solvent removal, improves 403 

compatibility with beverage formulations, and may better reflect consumer-acceptable processing. 404 

Green extraction and solvent-reduced processing are increasingly emphasized in natural product and 405 

food applications, particularly when safety, sustainability, and food-grade processing are important 406 



considerations [46-51]. Therefore, PKJ may represent a more translationally relevant material than 407 

conventional ethanol extracts or volatile oil fractions for developing a daily consumable functional 408 

beverage.  409 

The formulation screening showed that PC produced greater DPPH and ABTS radical scavenging 410 

activities than PKJ or CW alone and exhibited higher total polyphenol and flavonoid assay values. 411 

(Figure 1a and b). ZIP analysis additionally indicated a positive interaction between PKJ and CW 412 

(Figure 1c-f). Importantly, the 1:9 formulation retained antioxidant activity comparable to that of the 413 

1:1 formulation despite containing a substantially lower proportion of PKJ, providing an experimental 414 

basis for selecting the 1:9 ratio for subsequent evaluation. These findings indicate a formulation-415 

dependent enhancement of antioxidant responses beyond those observed for the individual components. 416 

The physicochemical basis underlying this interaction remains to be determined.  However, DPPH, 417 

ABTS, and Folin-Ciocalteu-based assays are chemical assays that reflect specific redox reactions and 418 

do not fully represent biological antioxidant activity, therefore, these findings should be interpreted 419 

together with cellular functional assays [48-50,52,53].  420 

Although CW alone showed minimal antioxidant activity and very low total polyphenol and flavonoid 421 

contents in this study, coconut water composition is influenced by cultivar, maturity, origin, processing, 422 

and storage conditions [8,54-60]. Processed CW may contain lower levels of assay-detectable phenolic 423 

compounds than fresh or tender coconut water. Nevertheless, incorporation of CW into the PC 424 

formulation was associated with enhanced antioxidant responses and higher total polyphenol and 425 

flavonoid assay values compared with the individual components. The physicochemical basis 426 

underlying this formulation-dependent effect remains to be determined. The network-based prediction 427 

analysis in Figure 2 provided a hypothesis-generating framework for interpreting the subsequent 428 

cellular findings. Literature-derived compounds reported from P. koraiensis and C. nucifera were 429 

analyzed, and gallic acid, catechin, and epicatechin were identified as shared candidate phytochemicals. 430 

These phenolic compounds are well-known for antioxidant and anti-inflammatory activities and have 431 

been reported to modulate inflammatory pathways, oxidative stress responses, and redox-sensitive 432 



signaling [61-65]. Target overlap analysis further identified candidate genes, including BCL2, CASP3, 433 

HMOX1, IL6, NFE2L2, and NOS2, which are closely related to apoptosis regulation, antioxidant 434 

defense, inflammatory signaling, and nitric oxide production. Importantly, NFE2L2 encodes Nrf2, a 435 

master regulator of cellular antioxidant defense, whereas NOS2 encodes iNOS, a key enzyme involved 436 

in inflammation-associated nitric oxide production. Thus, the combined TPC/TFC results and literature-437 

based network analysis suggest that phenolic constituents potentially associated with these botanical 438 

sources may be related to antioxidant and inflammatory response pathways involving Nrf2/glutathione 439 

and iNOS/NO.  440 

Consistent with this prediction, PC suppressed inflammatory responses in LPS-stimulated THP-1 cells. 441 

LPS-stimulated THP-1 macrophage-like cells are widely used as an in vitro inflammatory model, in 442 

which inflammatory activation induces mediators such as iNOS, NO, TNF-α, and IL-6 [66,67]. In the 443 

present study, PC reduced LPS-induced iNOS expression, NO production, and the protein expression 444 

of TNF-α and IL-6. These findings indicate that PC has anti-inflammatory activity and that suppression 445 

of the iNOS/NO axis may be one of its major functional effects. This result also agrees with the network 446 

prediction in Figure 2, in which NOS2 and IL-6 were identified as shared candidate targets.  447 

In HepG2 cells, PC protected against H₂O₂-induced oxidative stress by restoring glutathione-dependent 448 

antioxidant defense. H₂O₂ exposure reduced GCLC, GCLM, and GSS expression and decreased the 449 

GSH/GSSG ratio, indicating impairment of intracellular redox balance. PC treatment restored these 450 

markers and increased Nrf2 protein expression. Because Nrf2 regulates multiple cytoprotective genes 451 

involved in antioxidant defense and glutathione metabolism, restoration of Nrf2 expression may 452 

contribute to the protective effects of PC against oxidative stress in HepG2 cells [12,68-70]. Previous 453 

studies using H₂O₂-treated HepG2 cells similarly reported that antioxidant materials can protect against 454 

oxidative stress by reducing ROS/GSSG accumulation, restoring GSH levels, and activating Nrf2-455 

mediated antioxidant responses [14,71,72]. 456 

PC also attenuated fructose-induced lipogenic and inflammatory stress in HepG2 cells. Fructose 457 

treatment increased FAS and SREBP-1 expression, indicating activation of lipogenic signaling, and 458 



increased iNOS expression, suggesting an accompanying inflammatory stress response [73,74]. PC 459 

reduced fructose-induced FAS, SREBP-1, and iNOS expression. These findings suggest that PC may 460 

modulate hepatic metabolic stress by suppressing both lipogenesis-related proteins and inflammatory 461 

mediators.  462 

The protective effect of PC was further extended to intestinal epithelial cells. In H₂O₂-stimulated Caco-463 

2 cells, PC restored glutathione-related markers, including GCLC, GCLM, and GSS, and recovered the 464 

GSH/GSSG ratio. These findings indicate that PC enhances glutathione-dependent antioxidant defense 465 

not only in hepatocyte-like cells but also in intestinal epithelial cells. Furthermore, PC suppressed H₂O₂-466 

induced iNOS expression and NO production, indicating that similar antioxidant and inflammatory 467 

responses to PC were observed in both HepG2 and Caco-2 cells. 468 

An important additional finding in Caco-2 cells was the restoration of intestinal epithelial functional 469 

and barrier-related proteins. H₂O₂-induced oxidative stress is known to disrupt intestinal epithelial 470 

barrier function and affect tight junction organization in Caco-2 models. In the present study, H₂O₂ 471 

reduced GLP-1 expression and decreased ZO-1 and claudin-1 levels, whereas PC restored these markers. 472 

ZO-1 and claudin-1 are important tight junction-associated proteins involved in epithelial barrier 473 

integrity, and their restoration suggests that PC may help preserve intestinal epithelial barrier-related 474 

responses under oxidative stress conditions. H₂O₂-induced oxidative stress in intestinal epithelial 475 

models may impair cellular function and reduce GLP-1 expression, which is relevant to glucose 476 

homeostasis [37,75-77].  477 

Taken together, the present findings suggest that PC exerts multi-layered protective effects through 478 

interconnected antioxidant, anti-inflammatory, metabolic, and epithelial barrier-related mechanisms. 479 

The chemical antioxidant data showed enhanced radical-scavenging responses together with higher 480 

total polyphenol and flavonoid assay values in PC. The network analysis predicted candidate targets 481 

related to Nrf2-mediated antioxidant defense, iNOS/NO inflammatory signaling, apoptosis regulation, 482 

and disease-associated stress pathways. The cellular findings were broadly consistent with these 483 

predicted pathways, showing that PC restored glutathione-dependent antioxidant defense, restored Nrf2 484 



expression, suppressed iNOS/NO signaling, and inflammatory cytokine expression, attenuated 485 

fructose-induced lipogenic responses, and preserved intestinal barrier-related markers. Taken together, 486 

these findings suggest that the effects of PC extend beyond direct chemical radical scavenging and may 487 

involve modulation of endogenous cellular redox defense and oxidative inflammatory responses.  488 

Rather than focusing on a single molecular pathway, the present study was designed to evaluate the 489 

broader functional potential of PC across complementary cellular models. The consistent responses 490 

observed in THP-1, HepG2, and Caco-2 cells provide a broader perspective on the antioxidant, anti-491 

inflammatory, metabolic, and intestinal epithelial effects of the formulation. This broad experimental 492 

scope, however, did not allow detailed pathway-specific mechanisms to be fully addressed within each 493 

individual model. Further studies focusing on selected molecular pathways and in vivo validation will 494 

help define the biological basis and functional applicability of PC more comprehensively. 495 

In conclusion, the present study demonstrates that a pressed Korean pine leaf juice-coconut water 496 

formulation exhibits enhanced antioxidant-associated responses and attenuates inflammatory, oxidative, 497 

metabolic, and intestinal epithelial stress in vitro. The use of PKJ provides a food-compatible and 498 

solvent-minimized approach that differs from previously studied ethanol-or oil-based P. koraiensis 499 

preparations. The experimentally selected 1:9 PKJ formulation restored glutathione-dependent 500 

antioxidant defense, reduced inflammatory signaling, attenuated fructose-associated lipogenic 501 

responses, and preserved intestinal epithelial barrier-related markers. These findings support further 502 

investigation of PC as a functional food formulation. 503 
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