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Welcome Address 
 
Dear all perspective participants, 
 
On behalf of all organizers, we wish welcoming to our esteemed cross-disciplinary research 
conference, hosted by Chiang Mai University in collaboration with the Kyoto Institute of 
Technology (KIT) and other network institutions from Japan, Myanmar, Vietnam, and 
Cambodia. 
 
The International Symposium for Agricultural Biomedical Research Network stands as a 
testament to our commitment to integrating cross-disciplinary research, which is vital for 
developing innovations and technologies that respond to the dynamic changes of our 
contemporary world. Our aim is to transcend the boundaries of individual disciplines and foster 
a collaborative environment where diverse fields can converge, share  insights, and build upon 
each other’s strengths. 
 
Over the course of this event, you will have the opportunity to engage with distinguished 
speakers from various countries and disciplines, present your own research, and participate in 
enriching discussions. The program includes oral presentations from invited experts, selected 
participant presentations, poster sessions, and the publication of peer-reviewed proceedings. 
We believe that these activities will provide immense value, especially for our master's degree 
students, who can leverage the published proceedings as part of their graduation requirements. 
 
We are honored to host this platform for you to publicly present your work, exchange ideas, 
and establish valuable connections. Together, we can advance the frontiers of cross-disciplinary 
research and forge pathways to meaningful innovation. 
  
We look forward to your participation and to the impactful collaborations that will emerge from 
this conference. 
 
Warm regards, 
 

 
 
 
 
 
 

 
 
 
 

Bannakij LOJANAPIWAT, M.D. 
Professor (Specialist) and Dean of Faculty of Medicine 
Chiang Mai University, Thailand 
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Welcome Address 
 

Dear all perspective participants, 
 
We are pleased to have an opportunity to organize this international symposium hosted by 
Chiang Mai University in cooperation with other partnership institutions in Vietnam and 
Cambodia. 
 
This symposium has been a part of the Japan-ASEAN Seminar series organized by Kyoto 
Institute of Technology (KIT) since 2018 with partner institutions, and its origins lie in the 
Japan-Vietnam Seminars, which have been held 15 times from 2003 to 2017. 
 
KIT is a relatively compact university in Japan, but it includes a diverse range of specialists in 
many fields such as biology, chemistry, and information sciences, and is actively involved in 
many international research projects with the partner institutions, especially in ASEAN 
countries. 
 
These symposiums are the core events of such research projects and have led to many new 
research collaborations and the acceptance of international students. 
 
We hope that young researchers and students in related fields will join this symposium, not 
only to share their valuable insights but also to use it as an opportunity for future 
collaborations. 
 
We look forward to seeing you in Chiang Mai. 
 
Acknowledgments: Our international research network, including this symposium, is 
supported by the Japan Society for the Promotion of Science (JSPS) Core-to-Core Program. 
On behalf of the organizers, we would like to thank JSPS and all our partners who have 
contributed to establish this network. 
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A Comparative Study of Physical Extraction Methods on Spirulina’s 
Bioactive and Volatile Organic Composition 

Sithu Lwin1, Suthat Surawang2, and Thanyaporn Siriwoharn1,* 
1 Division of Food Science and Technology, Faculty of Agro-Industry, Chiang Mai University,  

Chiang Mai, Thailand 
2 Division of Product Development Technology, Faculty of Agro-Industry, Chiang Mai University.  

Chiang Mai, Thailand 
*Corresponding author’s email: thanyaporn.s@cmu.ac.th  

 
Abstracts: 

Although spirulina is widely recognized for numerous health benefits, it has been 
underutilized in the food industry due to its undesirable odor. This research aimed to establish 
information between extraction and the obtained bioactive and volatile organic compounds (VOC) to 
enable wider ingredient usage. Aqueous extractions using ultrasonication and conventional 
homogenization at 10, 20, and 30 min were performed and compared to the control. The bioactive 
compounds, antioxidant activity, and undesirable VOC in the extract were determined. The 
ultrasonicated extracts were significantly higher in total phycocyanin (3.9-4.2 times), chlorophyll 
(1.8-2.3 times), carotenoid (12-38 times), and antioxidant activity (1.8-2.4 times) than the 
homogenized extracts (P<0.05). The higher efficiency in extracting bioactive compounds led to 
increased VOC content. The ultrasonicated extract at 30 min had the highest 3-methyl-butanal (27.9 
± 0.28%), hexanal (8.44 ± 1.05%), and 1-Octen-3-ol (1.38 ± 0.35%). This research provided an 
important foundation for customizing spirulina extraction for functional food applications. 
 
Keywords: Arthrospira platensis; Homogenization; Ultrasound-assisted extraction; Phycocyanin; 
Off-odor; Blue-green algae  
 
Introduction 

Spirulina (Arthrospira platensis), a blue-green micro-algae, is one of water's largest quantities 
of cyanobacteria. It is recognized for its high protein content (60 - 70 g/100 g) and excellent nutritional 
values including fatty acids, vitamins, minerals, and bioactive substances like phycocyanin, 
chlorophyll, and carotenoids (1). Phycocyanin is a water-soluble component representing 
approximately 15% of proteins in spirulina. It has been reported to have antioxidant, anticancer, and 
anti-inflammatory properties (2). There have been many attempts to utilize phycocyanin along with 
bioactive substances of spirulina in food applications including cookies (3), pasta (4), snacks, and 
confectionary products (5). However, the dosage was not able to exceed 10% due to its sensory 
properties (4).  

The odor and gritty texture of spirulina are major factors impacting consumers’ acceptability 
(3-5). These undesirable sensory attributes arise from odorous compounds in the vacuoles and 
chloroplasts. Generally, the overall scent of food products typically arises from a combination of 
various odorants rather than from a single compound (6-8). Previous studies have linked this earthly 
musty flavor to the combination of terpenoid breakdown, lipid oxidation, and other volatile 
compounds caused by amnio acid degradation by bacteria (6, 7). The volatile organic compounds 
(VOC) in commercial spirulina were identified as aldehydes, pyrazines, furans, and furanones. The 
3-methyl-butanal was from leucine degradation, while hexanal, furans, and oct-1-en-3-ol were 
derivatives of fatty acids (6, 7). Although these compounds have been linked to the characteristic 
green and fishy odor, robust data is lacking to support these associations conclusively.  

Since these VOC are located in the intercellular organelles, their release is unavoidable when 
spirulina is extracted using conventional solvent or physical methods (7). Recently extraction 
combined with mechanical cell rupture methods such as ultrasonication and homogenization have 
gained popularity in the micro-algae industry due to its sustainability and high product yield for 
protein and bioactive compounds (2, 9). However, no research has been done to determine the impact 

mailto:thanyaporn.s@cmu.ac.th
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of these physical extractions on the extracted bioactive compounds alongside the VOC. Therefore, 
this study aimed to evaluate the effects of aqueous extractions using ultrasonication and conventional 
homogenization on bioactive compounds and the main undesirable VOC in spirulina extract. The 
knowledge could lead to the development of optimized extraction to enhance spirulina's benefits 
while maintaining sensorial acceptability and expanding its utilization in food and nutraceutical 
industries.   

 
Material and Methods 
Raw material and chemical 

Spirulina powder was obtained from Green Diamond Farm, Chiang Mai, Thailand. The 
chemicals and solvents used in the study were analytical grade and purchased from Union Science 
Co. Ltd., Chiang Mai, Thailand. 

 
Extraction 

For ultrasonication extraction, 10 g of spirulina powder was added to 200 ml of distilled water 
and sonicated using a high-intensity ultrasonic processor (VCX 750W, Sonics, Newtown, CT, USA) 
at 20 kHz, 40% amplitude for 10, 20, or 30 min. Then it was centrifuged at 6,000 rpm (Hitachi Koki 
Co., Ltd., Minato, Tokyo, Japan) for 30 min. The supernatant was collected and made up to a known 
volume using distilled water. The final extract was analyzed for chemical and volatile composition. 
For homogenization extraction, the same procedure was performed except instead of ultrasonication, 
a conventional homogenizer (T25 digital, IKA Works Co. Ltd., Bangkok, Thailand) was used at 
10,000 rpm for 10, 20, and 30 min. The control was an aqueous extract without ultrasonication and 
homogenization treatments.  

 
Determination of phycocyanin content 

The analysis was performed according to the method of Bennett and Bogorad (10).  The extract 
was diluted 100-fold, placed in a 96-well plate, and measured absorbance (OD) at 620 and 652 nm 
using Spark® 10M multimode microplate reader (Tecan Trading AG, Männedorf, Switzerland). The 
phycocyanin content (mg/g) was obtained using the following equation: 

 

𝑃ℎ𝑦𝑐𝑜𝑐𝑦𝑎𝑛𝑖𝑛	(𝑚𝑔/𝑔) =
0𝑂𝐷!"#	%& − 0.474(𝑂𝐷!'"	%&)8 × 𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

5.34 × 𝑆𝑎𝑚𝑝𝑙𝑒	𝑤𝑒𝑖𝑔ℎ𝑡  

 
Chlorophyll and carotenoid contents 

One ml of extract was mixed with 4 ml of methanol and centrifuged at 5,000 rpm for 10 min. 
The amounts of carotenoid and chlorophyll contents in the supernatant were measured at 470, 652, 
and 665 nm using the microplate reader according to the method of Lichtenthaler and Buschmann 
(11).  
 
Antioxidant activity 

Antioxidant activities were performed using 1,1-diphenyl-2-picryl-hydrazyl stable radical 
(DPPH) according to the method of Brand-Williams, Cuvelier and Berset (12) with some 
modification Briefly, 0.1 mM solution of DPPH in methanol was prepared, and this solution (200 μl) 
was added to the sample solution (25 μl) which was diluted to 10 fold in the methanol, and the mixture 
was shaken thoroughly, then placed on a 96-well plate. The mixture was kept at room temperature for 
30 min and measured using the microplate reader at the absorbance, of 517 nm. The sample containing 
without the sample served as a control.  

 
Determination of volatile organic compounds (VOC)  

The major aromatic volatile components of spirulina samples were analyzed by headspace 
combined with gas chromatography-mass spectrometry (HS-GC–MS/MS). The GC-MS/MS analyses 
were performed on EVOQ GC-TQ MS (Bruker, Billerica, MA, USA) coupled with a Multi-purpose 
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Sampler MPS system (GERSTEL GmbH & Co.KG, Mülheim an der Ruhr, Germany). Five ml extract 
was incubated at 70 °C for 15 min in a screw-cap glass vial. After incubation, the HS syringe (2500 
μl, 65 mm) was exposed to the headspace of the vial for 5 min and subsequently injected the volatile 
into the gas chromatography equipped with the Rxi-5Sil MS quartz capillary column (30 m × 0.25 
mm i.d., 0.25 μm film thickness; Restek Corp., Bellefonte, PA, USA) using 10:1 split mode. The 
injector temperature was 250 °C. The carrier gas was pure helium at a 1 ml/min flowing rate.  

The GC analysis was performed as follows: the oven temperature was held at 45 °C for 2.5 min, 
then increased to 80 °C at 10 °C/min (held for 3 min), 200 °C at 15 °C/min (held for 1 min), and 
finally 250°C at 20 °C/min (held for 30 s). The MS condition was electron ionization (EI) mode at 70 
eV and full scan data were obtained in a mass range of 45-350 m/z. The target compounds were 
identified based on selected ions, and by comparing the MS spectra to the reference spectra with the 
National Institute Standard and Technology (NIST) 2020 database, with a similarity index of at least 
80%. The relative content of each compound was calculated using the peak area of the identified 
compound. 

 
Statistical analysis 

All data were reported as mean ± standard deviation (SD) and analyzed using SPSS 17.00 
software (SPSS Inc., Chicago, IL, USA). Significant differences were determined by analysis of 
variance (ANOVA) and Duncan’s Multiple range test (P<0.05). 

 
Results and Discussion 
Bioactive Compounds and Antioxidant Activity 

The type of extraction method and time significantly affected the phycocyanin, chlorophyll, and 
carotenoid contents of spirulina extract (Table 1). The ultrasonication and homogenization treatments 
significantly enhanced the content of bioactive compounds in the spirulina extract compared to the 
control. The ultrasonication extracts were superior to those of homogenization in extracting 
phycocyanin (3.92-4.16 times), chlorophyll (1.77-2.32 times), and carotenoid (12.2-37.8 times) 
contents. The phycocyanin, carotenoid, and antioxidant activity positively correlated with the 
extraction time (P<0.05). The highest phycocyanin content (84.26 ± 0.53 mg/g) was found in the 
ultrasonication extract at 30 min. This was in agreement with Khandual (2) who reported a higher 
phycocyanin content (54.65 mg/g) with aqueous extraction using ultrasonication compared to 
sonication and freeze/thaw extraction methods, which yielded the phycocyanin content of 46.65 mg/g 
and 48.88 mg/g, respectively.  Tavakoli (9) also reported that a water extraction with 20 min 
sonication gave the optimal phycocyanin (0.4 mg/ml) compared to ethanol-water extracts (0.02-0.1 
mg/ml), which resulted in 4 times less than water extracts. In our present work, the highest 
phycocyanin content was obtained at 30 min and this is possibly because of temperature and 
amplitude control of the solution during the ultrasonication extraction. 

For chlorophyll and carotenoid contents, the ultrasonication extract at 30 min had the highest 
carotenoid content (265.04 ± 4.30 μg/g), and the ultrasonication extract at 20 min had the highest 
chlorophyll content (328.14 ± 5.56 μg/g). An increase in chlorophylls and carotenoids with increased 
extraction time contradicted a study by Tavakoli (9) who reported no change in chlorophyll content 
in the aqueous spirulina extract in ultrasonication at 5 to 30 min and a decrease in carotenoid content 
with a longer extraction time compared to water-ethanol extracts. The researcher suggested that 
carotenoids had low polarity, and ethanol would be a better solvent for chlorophyll and carotenoid 
than water. Overall our findings were consistent with the previous research that ultrasonication was 
more effective in disrupting cell walls and enhancing the release of intracellular compounds (2, 9). 
The cavitation effect of ultrasonication improved solvent penetration and solubilization of target 
compounds from algal cells while the mechanical shearing mechanism of homogenization was less 
effective in extraction (9).  
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Table 1. Contents of bioactive compounds and antioxidant activity of spirulina extracts after 
homogenization (H) and ultrasonication (U) treatments at 10, 20, and 30 min.  

Samples Phycocyanin 
(mg/g) 

Chlorophyll 
(μg/g) 

Carotenoid 
(μg/g) 

Antioxidant activity 
(Trolox mg/L) 

Control 10.17f ± 0.28 89.19e ± 1.15 2.39f ± 1.03 87.86b ± 0.24 
H-10 17.23e ± 0.15 126.08d ± 8.35 3.84ef ± 1.58 65.31c ± 0.80 
H-20 18.94de ± 1.43 141.67cd ± 8.71 17.69de ± 1.92 61.48c ± 2.02 
H-30 20.27d ± 0.34 160.00c ± 1.39 21.80d ± 1.43 52.72c ± 0.79 
U-10 67.58c ± 0.26 264.42b ± 8.57 145.23c ± 6.40 121.35a ± 9.54 
U-20 75.60b ± 0.43 328.14a ± 5.56 231.19b ± 6.49 133.50a ± 0.77 
U-30 84.26a ± 0.53 282.53b ± 4.01 265.04a ± 4.30 133.05a ± 10.75 

Mean ± Standard deviation; Different letters indicate significant differences between samples (P<0.05); H-10, 20, 30 = 
extracts using homogenization at 10, 20, 30 min; U-10, 20, 30 = extracts using ultrasonication at 10, 20, 30 min 
 
 

For antioxidant activity (Table 1), only the ultrasonication extracts had higher antioxidant 
activity than the control. The homogenization treatment adversely affected the antioxidant activity of 
spirulina extracts, ranging from 25.7-40.0% reduction. Nonetheless, the extraction time did not 
influence the antioxidant activity of the extracts within the same treatment (P>0.05). This trend is 
consistent with findings from other research indicating that prolonged extraction times could enhance 
the bioavailability of antioxidants by facilitating their release from cellular matrices in ultrasonication 
(9). However, conventional homogenization showed lesser activity because the mechanical sheering 
conceivably caused stresses to the integrity of the structures in bioactive compounds over a prolonged 
time, and thermal effect and oxidation were greater in comparison to ultrasonication where cavitation 
in air served as an insulating medium and the amplitude and temperature was under control. 
 
Volatile organic compounds (VOC)  

Figure 1 shows the VOC profiles of homogenization and ultrasonication extracts. Four 
important VOCs, consisting of 3-methyl-butanal, hexanal, oct-1-en-3-ol, and 2-pentyl-furans, were 
monitored because they have been linked to the undesirable characteristics of spirulina (6, 7). The 
highest VOC content was 3-methyl-butanal (7.30-27.90%), followed by hexanal (1.52-8.44%), oct-
1-en-3-ol (0.47-1.38%), and 2-pentyl-furans (0.45-1.08%), respectively.  

 
Table 2. Main volatile organic compounds in spirulina extracts after homogenization (H) and 
ultrasonication (U) treatments at 10, 20, and 30 min.  

Sample 3-methyl-butanal Hexanal 1-Octen-3-ol 2-pentyl-furanns 
H-10 7.30d ± 0.13 1.52d ± 0.79 0.47b ± 0.19 0.45 ± 0.18 
H-20 10.73c ± 0.46 2.61d ± 0.16 0.52b ± 0.04 0.44 ± 0.10 
H-30 15.41c ± 3.18 3.09cd ± 0.23 0.54b ± 0.10 0.50 ± 0.42 
U-10 21.23b ± 3.48 5.51b ± 0.39 0.63b ± 0.02 0.60 ± 0.30 
U-20 26.86a ± 0.52 4.98bc ± 0.02 0.66b ± 0.02 0.68 ± 0.10 
U-30 27.90a ± 0.28 8.44a ± 1.05 1.38a ± 0.35 1.08 ± 0.45 

Mean ± Standard deviation; Different letters indicate significant differences between samples (P<0.05); ns = no 
significant difference; H-10, 20, 30 = extracts using homogenization at 10, 20, 30 min; U-10, 20, 30 = extracts using 
ultrasonication at 10, 20, 30 min 
 
 

Changes in these VOCs, shown in Table 2, highlighted the significant influence of extraction 
treatments and extraction time. The long extraction time led to a higher content of these compounds 
with ultrasonication treatment causing a higher release than homogenization. Ultrasonication extracts 
had significantly higher 3-methyl-butanal (1.81-2.91 times) and hexanal (1.91-3.63 times) than the 
homogenization extracts of the same extraction time (P<0.05). There was no significant change 
among the treatments in 1-octen-3-ol except that of the ultrasonication extract at 30 min. The content 
of 2-pentyl-furan was also not affected by the treatment and extraction time (P>0.05). The 
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homogenization extract at 10 min had the least amount of 3-methyl-butanal. In contrast, hexanal was 
lowest in homogenization extracts with no significance between extraction time (P>0.05).  

 

 

 
Figure 1. Volatile organic compound profile of spirulina extracts (a) homogenization treatment and 
(b) ultrasonication treatment; Peak (1) 3-methyl-butanal, (2) hexanal, (3) 1-octen-3-ol, and (4) 2-
pentyl-furan. 
 
 

The 3-methyl-butanal is associated with a malty, fermented aroma. It possibly originated from 
the biological process of spirulina involving amino acid metabolism (8) and was enhanced by protein 
degradation in the course of Maillard reaction due to thermal effect by cavitation and mechanical 
force (9, 13). As for hexanal which is characterized as green, fatty off-odor, and 1-octen-3-ol which 
is associated with a mushroom-like musty odor, they come from lipid oxidation and chlorophyll 
degradation due to stress upon cell breakage by ultrasonication and homogenization. 2-pentyl-furan 
is generated also from the degradation of fatty acids such as linoleic acid (6, 8).  

 
Conclusion 

This research illustrated the connection between bioactive compounds and VOC in spirulina 
extract. Overall ultrasonication was more efficient in extracting bioactive compounds from spirulina 
than homogenization. However, both treatments and the prolonged extraction time unavoidably 
generate undesirable VOCs. Our results suggested that ultrasonication at 30 min gave the best 
condition for obtaining the highest bioactive compounds and antioxidant activity. However, 
homogenization extraction offered a more acceptable spirulina extract than ultrasonication in terms 

 (b) Ultrasonication 
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1 
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of minimizing undesirable VOCs. This insight provides valuable knowledge in developing additional 
processes to manage the drawbacks of spirulina for food applications.  
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Abstract: 
Our study represents the first report of the fungal community associated with Rhodomyrtus 

tomentosa (Aiton) Hassk. The species identification based on molecular and morphological 
characteristics classified fungi into twenty-three genera belonging to eight orders, Chaetothyriales, 
Eurotiales, Hypocreales, Mucorales, Mycosphaerellales, Onygenales, Pleosporales and Venturiales, 
from five classes, Eurotiomycetes, Dothideomycetes, Mucoromycetes and Sordariomycetes of the 
two phyla Ascomycota and Mucoromycota. The most frequent genera were Diaporthe and Daldinia. 
Twenty-six of the 329 isolates produced antimicrobial metabolites which inhibited various microbial 
pathogens. Most of these active isolates were identified as Aspergillus, Penicillium and Trichoderma. 
Our findings offer new insights into the fungal diversity associated with R. tomentosa (Aiton) Hassk. 
and suggest opportunities for further biotechnological research. 
 
Keywords: Fungal diversity; Rhodomyrtus tomentosa; Antimicrobial activity 
 
Introduction  

Endophytic microorganisms, including bacteria, fungi, and algae, are vital sources of natural 
products with bioactive potential. Endophytic fungi, in particular, are known for their ability to 
produce various secondary metabolites, including pigments, antioxidants, and anti-inflammatory 
substances (1). These fungi live within plant tissues without causing harm and present a promising 
resource for biotechnological development.  

Medicinal plants are rich sources of endophytic diversity, often leading to the discovery of 
novel bioactive natural products with pharmaceutical importance. These plants produce valuable 
secondary metabolites to adapt to harsh environments, making them key elements in traditional 
medicine. Rhodomyrtus tomentosa (Aiton) Hassk., known as downy rose myrtle and widely used in 
Thai traditional medicine, is notable for its variety of structurally diverse and biologically active 
metabolites. Exploring the endophytic fungal diversity within R. tomentosa holds great potential for 
discovering new functional compounds that could benefit industries such as food, cosmetics, textiles, 
and pharmaceuticals, offering sustainable alternatives to synthetic agents (2,3,4). Numerous strains 
of endophytic fungi have shown valuable properties for applications across different industrial 
sectors, highlighting the potential of R. tomentosa as a future biotechnological innovation. 
 
Materials and Methods 
Plant materials and soil sampling 

A representative community of Rhodomyrtus tomentosa (Aiton) Hassk. plants and associated 
soil samples were collected from Thung Lung and Tha Kham, Hat Yai District, Songkhla Province, 
Thailand. Healthy R. tomentosa plant components, including leaves, fruits, flowers, and stems, were 
randomly collected. Soil sample was separated into three fractions including, bulk soil (BS), 
rhizosphere soil (RP), and rhizoplane fraction (RP) as followed by the standardized protocol 
described in Barillot et al. (2013). Details of geographic locations, sampling sites, and plant 
characteristics were shown in Figure 1. 
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Figure 1. Plant properties and sampling sites. A) Geographic location of the sampling sites. B) 
Characteristics of the sampling sites. C) Characteristics of R. tomentosa flowers. D) Characteristics 
of R. tomentosa fruits. 
 
 
Isolation of soil fungi and endophytic fungi 

Soil fungi were isolated using the protocol described Barillot et al. (5) with minor 
modification. One mL of each soil suspension was serially diluted in 9 mL of 0.85% sterile normal 
saline solution (NSS) and spread on Corn Meal Agar medium (CMA) containing chloramphenicol. 
Plates were incubated at 25°C for 5-7 days. Different tissues (leaf, fruit, flower, and stem) of plant 
samples were rinsed with sterile distilled water. Surface sterilization procedures were performed on 
clean tissue pieces by dipping into 70% ethanol for 2 min, followed by 2% sodium hypochlorite 
treatment for 4 min and 70% ethanol treatment for 2 min. Plates were incubated at 25 °C and inspected 
for hyphal growth for 7 days. Fungal growth was observed daily. Pure cultures were isolated and 
stored at the Mycology Laboratory, Department of Microbiology, Prince of Songkla University. 
 
Morphological and molecular identification of fungi 

Fungal isolates were identified based on their macroscopic morphological characteristics. The 
microscopic appearance of individual fungi was observed using the slide culture technique and the 
observed mycelial and reproductive structures were used. Molecular techniques were performed 
using the internal transcribed spacer (ITS) region of rDNA was amplified and sequenced with primers 
ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-
3’). Genomic DNA was extracted according to a protocol described by Wingfield and 
Atcharawiriyakul (2021). PCR amplificaton was performed using the protocol described by 
Wingfield and Atcharawiriyakul (2021). The closest matched sequences were searched in the 
National Centre for Biotechnology Information (NCBI) GenBank database. MEGA software, version 
11 was used to construct the sequence alignments and phylogenetic tree. The phylogenetic trees were 
inferred using the maximum-likelihood algorithm by bootstrap analysis with 1,000 replications. 
 
Antimicrobial assays 

The antimicrobial activity was tested against seven pathogenic bacteria (Micrococcus luteus 
(ATCC9341), Staphylococcus aureus (ATCC25923), methicillin-resistant S. aureus (MRSA), 
Escherichia coli (ATCC25922), Pseudomonas aeruginosa (ATCC27853), Salmonella Typhi and 
Vibrio cholerae) and two pathogenic fungi (Candida albicans (ATCC90028) and Aspergillus 
fumigatus Af293) strains were tested by using agar well diffusion method described by Wingfield et 
al. (6) with some modification. Fungal isolates were cultivated in a potato dextrose broth (PDB) for 
21 days at 28 °C. The bacteria were grown on Mueller-Hinton agar (MHA) at 35 ⁰C for 18 h; the 
yeast was grown on Sabouraud dextrose agar (SDA) at 28 ⁰C for 24-48 h; and the filamentous fungus 
was grown on SDA at 28 °C for 48 h. After incubation, inhibition zones were reported as the mean 
of the clearing zone in triplicate measurements. Vancomycin and gentamicin were used as standard 
antibacterial agents and amphotericin B was used as standard antifungal agents. After preliminary 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 19 

screening of fungi for their antimicrobial activity, those that revealed potent antimicrobial effects 
were further tested to determine MIC and MBC against pathogenic bacteria and pathogenic fungi 
according to a modification of the Clinical and Laboratory Standards Institute guidelines. 
 
Results and Discussion 
Isolation, identification, and characterization of fungi 

Rhodomyrtus tomentosa has garnered attention for its rich repertoire of structurally diverse and 
biologically active metabolites (3,7). However, very few attempts have been made to evaluate the 
diversity of fungi associated with this valuable plant. We investigated the diversity of endophytic and 
soil fungi associated with R. tomentosa. In this study, a total of 329 fungal colonies were found. A 
total of 234 fungal colonies (isolation rate, 1.56%) were isolated from 150 tissue segments of the R. 
tomentosa plant including, 185(1.85%), 20(1%), 19(0.95%), and 10(1%) colonies from leaf, flower, 
fruit, and stem tissue samples, respectively. In addition, 95 colonies were isolated from soil samples. 
The 329 colonies were allocated to 52 morphotypes [leaf(18), flower(3), fruit(5), stem(2), and 
soil(24)] based on their culture characteristics on PDA plate. Microscopical analysis and colony 
morphology were used to identify fungi (Figure 2). Furthermore, ITS-based rDNA sequence analysis 
was used to carry out their molecular identification. The phylogenetic tree based on ITS of the isolates 
at genus, order, and class levels was generated (Figure 3). 

The endophytic fungal isolates were classified into 23 genera, mostly belonging to Ascomycota 
phylum (96.7%) followed by Mucoromycota phylum (2.7%) based on the BLAST searches analysis, 
while two isolates (0.6%) could not be identified. Five classes Sordariomycetes (71.1%), 
Dothideomycetes (14.6%), Eurotiomycetes (10.3%), Pezizomycetes (0.6%), and Mucoromycota 
(2.7%), and eleven orders Hypocreales (12.2%), Glomerellales (2.4%), Sordariales (0.6%), Xylariales 
(22.8%), Diaporthales (33.1%), Botryosphaeriales (11.2), Pleosporales (2.7%), Muyocopronales 
(0.6%), Eurotiales (10.3%), Pezizales (0.6%), and Mucorales (2.7%). Diaporthe was the most 
represented genus (31.6%). Our findings were similar to those reported in studies of foliar endophytic 
fungal diversity and soil fungi around the world, but different frequencies were observed (8-10).  

 
 

 
 
Figure 2. Representative fungal morphotypes of the isolated fungi associated with R. tomentose 
(Aiton) Hassk. Morphotyping was based on macroscopic and microscopic observation (magnification 
×100). All isolates were grown on PDA plates for 7-14 days at 28°C. 
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Figure 3. The phylogenetic analysis of fungi associated with the R. tomentosa (Aiton) Hassk. 

 
 

Antimicrobial activity 
The antimicrobial potential of the selected fungal endophytes was assessed against clinical 

strains of Gram-positive, and Gram-negative bacteria, yeast, and pathogenic fungi by the agar well 
diffusion method. Twenty-six out of 135 isolates (19.26%) showed antimicrobial activity against at 
least one pathogen using the culture broth filtrate (Table 1). Eleven out of 135 isolates (8.15%) had 
broad-spectrum antibacterial activity to inhibit Gram-positive and Gram-negative test bacteria and 
another ten isolates had a narrow spectrum. In the ability to inhibit pathogenic fungi, nine isolates 
could inhibit yeast whereas, four isolates had activity against fungi. Only one isolate (HII7B) had 
broad-spectrum antifungal activity (against yeast and fungi). Meanwhile, three out of 135 isolates 
(2.22%; HII6P, HII7Pe2, and E3) had broad-spectrum antimicrobial activity against Gram-positive 
and Gram-negative bacteria; and yeast. Out of 135 fungal isolates screened, the majority showed 
antimicrobial activity against Micrococcus luteus, followed by Candida albicans, Vibrio cholerae, 
Staphylococcus aureus, methicillin-resistant S. aureus, Pseudomonas aeruginosa, Salmonella Typhi, 
Aspergillus fumigatus, and Escherichia coli. The best activity was exhibited by T8 against M. luteus 
and V. cholerae with the zone of inhibition diameter of 21.5 and 22.5 mm, respectively, followed by 
E5, HII7B, and T9. 

The antimicrobial activity of the soil fungi and endophytic fungi was also determined by the 
broth microdilution method (Table 2). The highest antimicrobial activity during the agar well 
diffusion method (Arcopilus cupreus T8, Aspergillus fumigatus E5, Diaporthe citri HII7B, and 
Pestalotiopsis menezesiana T9) was selected to determine its minimum inhibitory concentration 
(MIC) at various concentrations (2-1024 µg/ml) of crude fungal isolates of their culture broths and 
mycelia. The results showed that crude fungi of the culture broths have better inhibition against 
several test pathogens than mycelia. Crude fungal isolates have shown MIC ranging from 1024 to 
128 µg/ml. In this study, Crude supernatant of Arcopilus cupreus T8 isolated form R. tomentosa 
showed the strongest activity against Micrococcus luteus and Candida albicans with a MIC value of 
128 µg/ml, respectively. No activity was observed against MRSA, and A. fumigatus. 
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Table 1 Antimicrobial assays of fungi associated with R. tomentosa using the agar-well diffusion 
method. 

 
Isolate 

Zone of inhibition (mm)  
Total  Gram-positive bacteria Gram-negative bacteria Yeast Fungi 

ML SA MRSA EC PA ST VC CA AF 

Endophytic fungi 
    HII6V1      17.4±0.2    1 
    HII1P 12.5±0.3 8.5±0.7      9.1±0.4  3 
    HII6P 10.1±0.4     14.8±0.5  16.0±0.2  3 
    HII3Pe1 10.4±0.2         1 
    HII6Pe        10.2±0.5  1 
    HII7Pe1        10.0±0.2  1 
    HII7Pe2 12.2±0.4 8.5±1.0   19.5±1.0   13.4±0.5  4 
    HII10Pe1        15.1±0.4  1 
    HII7B        20.9±0.7 14.0±0.5 2 
    HII4F 12.4±0.3 10.0±0.5 10.8±0.1   11.8±0.8 14.2±0.5   5 
    HII5F        12.4±0.2  1 
    HII10F 15.7±0.3  9.9±0.1      12.3±0.9 3 
    T2 18.1±0.5      14.2±0.2   2 
    T3 14.8±0.1 8.3±0.2       9.5±0.6 3 
    T7       16.4±0.0   1 
    T8 21.5±0.2      22.5±0.6   2 
    T9 15.0±0.0 8.8±0.3 8.3±1.0   20.0±0.4 9.5±0.4   5 
    T10 13.5±0.8  10.9±0.2       2 
    T12       16.0±1.2   1 
    T13 17.2±0.4  11.9±0.4      10.7±0.0 3 
    T14 14.2±0.6      18.1±0.6   2 
Soil fungi 
    E2 12.6±0.2 14.4±0.8  11.3±0.2      3 
    E3   10.7±1.2  17.7±0.5   25.0±0.4  3 
    E5 14.6±0.4 14.0±0.2 13.8±0.2 13.6±0.8 21.3±0.2  10.4±0.4   6 
    E10     13.0±0.0     1 
    E16 13.8±0.4    14.8±0.2     2 
Total no. 16 7 7 2 5 4 8 9 4  
Positive control 
(20 µg/mL) 

ML SA MRSA EC PA ST VC CA AF  

Vancomycin  24.4±0.0 15.6±0.2 14.4±0.0        
Gentamicin     16.9±0.3 14.6±0.1 20.0±0.0 17.5±0.2    
Amphotericin B         13.3±0.2 12.7±0.0  

*ML: Micrococcus luteus (ATCC9341), SA: Staphylococcus aureus (ATCC25923), MRSA: methicillin-resistant S. aureus (MRSA), 
EC: Escherichia coli (ATCC25922), PA: Pseudomonas aeruginosa (ATCC27853), ST: Salmonella Typhi (ATCC19430), VC: Vibrio 
cholerae, CA: Candida albicans (ATCC90028), and AF: Aspergillus fumigatus (AF293). The hyphen - indicates no activity. 
 
 
Table 2 Minimum inhibitory concentration of fungi associated with R. tomentosa using broth 
microdilution method. 

 
Isolate 

 
Ext. 

Minimum inhibitory concentration (µg/mL) 
Gram-positive bacteria Gram-negative bacteria Yeast Fungi 

ML SA MRSA EC PA ST VC CA AF 

Diaporthe citri HII7B B - - - 512 512 1024 1024 - - 
C - 1024 - - - - - - - 

Arcopilus cupreus T8 
B 128 - - 1024 256 512 1024 128 - 
C - - - 1024 256 512 - - - 

Pestalotiopsis menezesiana T9 B - - - - 512 - 1024 - - 
C - - - - - - - - - 

Aspergillus fumigatus E5  B - - - - 512 - 1024 256 - 
C - - - 1024 256 512 - 256 - 

*ML: Micrococcus luteus (ATCC9341), SA: Staphylococcus aureus (ATCC25923), MRSA: methicillin-resistant S. aureus (MRSA), 
EC: Escherichia coli (ATCC25922), PA: Pseudomonas aeruginosa (ATCC27853), ST: Salmonella Typhi (ATCC19430), VC: Vibrio 
cholerae, CA: Candida albicans (ATCC90028), and AF: Aspergillus fumigatus (AF293). Ext: extract, B: broth, C: cell, the hyphen - 
indicates no activity. 
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Conclusion 
Fungal community associated with Rhodomyrtus tomentosa including their bioactive 

metabolites, and mycoviruses wete investigated. The species identification based on molecular and 
morphological characteristics revealed fungi of twenty-three genera belonging to eight orders, and 
five classes with the most frequent genera of Diaporthe and Daldinia. This diversity highlights the 
potential of these fungi as sources of bioactive compounds. Their unique metabolites offer promising 
prospects for future applications in pharmaceuticals, cosmetics, agriculture, and other industries. 
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Abstract: 

Covalent conjugation is recognized as a sustainable process for modifying bioactive 
compounds. However, its efficacy depends on the compatibility between the method and the specific 
compound. This study aimed to investigate the effect of the non-covalent method (mixing process) 
and covalent method (alkaline process) on whey protein isolate (WPI)-resveratrol conjugation. The 
samples were prepared using WPI:resveratrol at ratios of 1:5 and 1:10. The molecular weight and 
structural changes were determined using SDS-PAGE, UV-Vis spectroscopy, and FTIR. The 
functional and antioxidant properties of the mixtures and conjugates were also assessed. Although 
the alkaline and mixing processes did not prominently affect the molecular weight band on SDS-
PAGE, their secondary structure changed. The α-helix structure of conjugates was significantly 
lower, and the β-sheet structure was higher than that of the mixture and WPI (p < 0.05). In 
comparison, the mixtures had the highest β-turn. The conjugates demonstrated almost twice the water 
solubility than the mixtures and 15-20 times higher than the native resveratrol. However, the alkaline 
process did not increase the emulsifying properties compared to WPI. The antioxidant activity of 
compounds positively correlated with the amount of resveratrol used. Conjugating resveratrol with 
WPI provides an alternative approach to enhancing the applicability of health-promoting resveratrol 
in food products. The 1:5 ratio conjugates were best for water-based foods while the 1:10 ratio 
conjugates were best for antioxidant purposes. 
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Introduction  

Phytochemicals, secondary metabolites of plants, are associated with significant health benefits. 
Resveratrol, a main bioactive compound found in mulberries, is widely known for its antioxidant 
properties and beneficial biological activities. However, the application of resveratrol in food 
products is limited due to its poor solubility and sensitivity to light, pH, and high temperatures (1). 
According to the literature, conjugating polyphenols with proteins may alleviate the problems 
associated with polyphenols (2, 3, 4).  

Conjugation is a sustainable process that involves linking bioactive compounds such as 
proteins, peptides, and polyphenols by covalent or non-covalent bonds. This modification impacts 
the molecules' chemical structure and influences the functional properties of the final compounds, 
such as solubility, gelling, emulsifying, foaming, and antioxidants. Several factors affect the 
efficiency of conjugation, including the conjugation method, the characteristics of the substrates, and 
the ratio of reactants (2, 4). The alkaline reaction method is commonly used for covalently cross-
linking proteins with polyphenols due to stronger and more permanent molecular interactions with 
high stability (2).  

Since there is scarce research information in this area for resveratrol, this study aimed to 
compare the impact of non-covalent and covalent conjugation methods (a mixing process vs. alkaline 
process) as well as the substrate ratio on the structural, functional, and antioxidant properties of whey 
protein isolate (WPI)–resveratrol compounds. The findings could provide additional insights and 
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potentially facilitate the development of reservoir-based food additives and nutraceuticals for 
functional food, pharmaceutical, and biomaterial industries.  
 
Materials and Methods 
Materials 

Whey protein isolate (WPI, purity > 90%) and resveratrol (purity > 98%) were purchased 
from Scidict Plus Co., Ltd. (Bangkok, Thailand). Analytical-grade chemicals and standards used in 
the experiments were obtained from Sigma-Aldrich (St. Louis, MO, USA) and RCI Labscan Limited 
(Bangkok, Thailand). SDS-PAGE protein marker was purchased from Bio-Rad Laboratories 
(Hercules, CA, USA). 

 
Sample preparation 

The non-covalent sample (WPI-R mixture) was prepared by mixing WPI (1 g) with resveratrol 
(5 g or 10 g in 10 mL ethanol) in 190 mL deionized water, thoroughly shaking, and incubating at 
room temperature for 24 h. Then the solution was filtered through a 10 kDa filter (Merck Millipore, 
Darmstadt, Germany) using centrifugation at 5,000 rpm for 15 min. The final solution was freeze-
dried (FreeZone 4.5L, Labconco, Kansas City, MO, USA) and stored at -18°C until used. The 
covalent sample (WPI-R conjugate) was prepared the same way but replaced deionized water with 
sodium phosphate buffer (pH 9) according to the alkaline process of Liu et al. (5).  

 
SDS-PAGE analysis 

The sample solution (10 mg/mL) was diluted in the loading buffer at a 1:1 ratio. The loading 
volume of samples and protein marker was 10 mL. The electrophoresis was run at 120 V for 70 min. 
After that, the gel was stained with Coomassie blue for 24 h. Then the gel was destained and scanned 
for an image to estimate the molecular weight of the sample. 

 
UV-Vis spectra analysis 

The sample solution of 1.0% concentration (w/v) was prepared. The absorbance was measured 
at 200 to 400 nm using a microplate reader (Spark, Tecan, Männedorf, Switzerland) to determine 
changes in the spectral graph compared to WPI and resveratrol. 

 
Fourier transform infrared (FTIR) spectroscopy analysis 

Two mg of the sample was mixed with 200 mg Potassium Bromide (KBr) powder and placed 
in an FTIR spectrometer (Tensor 27, Bruker, Ettlingen, Germany). The FTIR spectra in the 400-4,000 
cm-1 range were measured. The characteristic major peaks of the α-helix, β-sheet, β-turn, and random 
coil were fitted into a Gaussian curve using OriginPro 8.5.1 (OriginLab Corporation, M.A., USA) for 
data analysis. 

 
Functional properties 

Measurements of water solubility and emulsifying properties were conducted at pH 3, 5, and 
7, as this range encompasses pH conditions commonly found in food systems and biological 
processes. 

Water solubility 
The water solubility property was determined using a method of Rui et al. (6). The sample 

was dissolved in distilled water (10 mg/mL), adjusted the pH (3, 5, and 7) using 0.1% hydrochloric 
acid and sodium hydroxide, and stirred for 30 min. Then the solution was centrifuged at 5,000 rpm 
for 15 min. The supernatant was collected and freeze-dried. Water solubility was calculated using the 
following equation: 

 
% Water solubility = Weight of sample after freeze-drying  x 100 

Weight of sample before freeze-drying 
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0.003125 

A0	-	A10 

Emulsifying properties 
The method of Sui et al. (7) was used to determine the emulsifying properties. The sample 

was dissolved in distilled water (1 mg/mL) and adjusted the pH to 3, 5, and 7. Then 5 mL of soybean 
oil was added to 15 mL of sample solution and homogenized (Ultra TURRAX homogenizer, 
T25digital, IKA, Staufen, Germany) at 10,000 rpm for 1 min. Fifty µL of the emulsion was added to 
5 mL of 0.1% SDS solution and mixed well. Absorbance measurements were recorded at 500 nm 
immediately after mixing (A0) and after waiting 10 min (A10). The emulsifying activity index (EAI) 
and emulsion stability index (ESI) were calculated using the following equations:  

 
EAI (m2/g) = 460.6×A0 

 
ESI (min) = A0	×	100  

 
 
Antioxidant activity 

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay 
DPPH radical scavenging was determined using the method of Liu et al. (8) with modification. 

In brief, 200 µL of DPPH solution (0.1 mmol in methanol) was mixed with 25 μL of the sample 
solution (1 mg/mL in water) and stored in the dark for 30 min. The absorbance was measured at 517 
nm using a microplate reader (Spark, Tecan, Männedorf, Switzerland). The DPPH values were 
calculated as µmol Trolox equivalent per g using the Trolox standard curve.  

Ferric Reducing Antioxidant Power (FRAP) assay 
The FRAP assay was determined using the method of Rui et al. (6) with modification. The 

FRAP reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), ferric chloride (hexahydrate) 
solution (20 mM), and TPTZ solution (10 mM) at a ratio of 10:1:1. Next, 200 µL of FRAP reagent 
was mixed with 25 µL of the sample solution (1 mg/mL in water) and stored in the dark for 8 min. 
The absorbance was measured at 593 nm using a microplate reader (Spark, Tecan, Männedorf, 
Switzerland). The FRAP values were calculated as µmol Trolox equivalent per g using the Trolox 
standard curve. 

 
Statistics analysis 
  All experiments were conducted in triplicate, and all data were analyzed using one-way 
analysis of variance (ANOVA) and Duncan’s test on SPSS software version 17.0 (SPSS Inc., 
Chicago, IL, USA) for analysis with a significant level of p < 0.05. 
 
Results and Discussion 
SDS-PAGE 

Figure 1 shows the SDS-PAGE of WPI-R mixtures and WPI-R conjugates compared to WPI 
and resveratrol. WPI displayed three main bands at approximately 14, 17, and 66 kDa, corresponding 
to α-lactalbumin, β-lactoglobulin, and bovine serum albumin, respectively (9). Resveratrol was a 
small molecule of 228.25 g/mol; therefore, it was not detected on the gel. Overall, the band 
distribution of WPI-R mixtures and WPI-R conjugate were comparable to the original WPI. When 
the ratio of resveratrol in the process increased, no prominent change in molecular weight was 
observed. The absence of distinct changes in the SDS-PAGE gel may be attributed to the small 
molecular size of resveratrol. This finding is consistent with Liu et al. (5), who reported minimal 
changes in electrophoresis upon conjugation with small molecules. 
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Figure 1. SDS-PAGE of WPI, Resveratrol, WPI-R mixture at 1:5 ratio, WPI-R mixture at 1:10 ratio, 
WPI-R conjugate at 1:5 ratio, and WPI-R conjugate at 1:10 ratio.  
 
 
UV-Vis spectra 

The UV-Vis spectra of WPI exhibited absorbance maxima at 280 nm (Figure 2a) corresponding 
to aromatic amino acids (tryptophan and tyrosine) present in whey protein isolate (3). Resveratrol 
displayed an absorption maximum of 306 nm. After mixing, the WPI-R mixtures showed a significant 
increase in absorption at 306 nm with a positive correlation to the amount of resveratrol added. In 
contrast, WPI-R conjugates had characteristic peaks at 280 and 290 nm without the absorbance at 306 
nm. These changes in the spectra indicated the formation of a covalent interaction between WPI and 
resveratrol after the alkaline process (3, 5).  

 

    
Figure 2. (a) UV–Vis spectra and (b) FTIR spectra of WPI, Resveratrol, WPI-R mixture at 1:5 ratio, 
WPI-R mixture at 1:10 ratio, WPI-R conjugate at 1:5 ratio, and WPI-R conjugate at 1:10 ratio.  
 
 
FTIR analysis 

Figure 2b shows changes in the FTIR spectra of the substrates and samples. The WPI spectrum 
showed characteristic absorption peaks at 3275 cm-1 (amide A, -OH linked to -NH2), 1628 cm-1 
(amide I, C=O stretching vibration), 1513 cm-1 (amide II, N-H and C-N bonds stretching vibration), 
and 1386 cm-1 (amide III, C-N and  N-H bonds stretching vibration) (3). After the process, the amide 
A peak shifted to a higher frequency from 3172 to 3284-3299 cm-1 for WPI-R mixtures and 3350-
3368 cm-1 for WPI-R conjugates. In addition, there was a minor shift on the amide I peak from 1628 
to 1613 cm-1 for WPI-R mixtures and 1632 cm-1 for WPI-R conjugates. These shifts indicated changes 
in the structure of the WPI after interacting with resveratrol, in which the covalent reaction exerted 
stronger shifts than the non-covalent reaction (2, 8). Regardless of the process, the increase in 
resveratrol content only affected the amide A peak of the compounds.  
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Based on the secondary structure (Table 1), WPI and WPI-R mixtures had the same amount of 
α-helix and β-sheet (p > 0.05) but the structure of WPI-R mixtures had a higher content of β-turn than 
WPI. This suggested that the non-covalent interaction between WPI and resveratrol through the 
mixing process converted the random coil structure of WPI to a more ordered structure of β-turn (7, 
10). Compared to the alkaline process, a significant structural change of WPI-R conjugates was a 
conversion of α-helix to β-sheet (p < 0.05). This finding was consistent with the literature that the 
covalent conjugating process induced the reaction by unfolding the protein structure (3, 10).  

 
Table 1. Secondary structure (%) of WPI, WPI-R mixture at 1:5 ratio, WPI-R mixture at 1:10 ratio, 
WPI-R conjugate at 1:5 ratio, and WPI-R conjugate at 1:10 ratio. 

Sample α-helix β-sheet β-turn Random coil 
WPI 15.30 ± 0.08a 58.60 ± 0.31b 22.65 ± 0.60b 3.42 ± 0.44a 

WPI-R mixture 1:5 15.02 ± 0.20a 58.88 ± 0.61b 24.21 ± 0.84a 1.90 ± 0.23b 

WPI-R mixture 1:10 14.77 ± 0.35a 59.04 ± 1.00b 24.47 ± 1.23a 1.72 ± 0.93b 

WPI-R conjugate 1:5 13.69 ± 0.36b 60.60 ± 1.09a 22.14 ± 1.60b 3.57 ± 0.76a 

WPI-R conjugate 1:10 13.80 ± 0.58b 60.62 ± 1.48a 22.36 ± 2.01b 3.22 ± 1.12a 

Values are means ± SD (n = 3). Different letters in the same column indicate significant differences (p < 0.05). 
 
 
Water solubility 

The solubility values of all samples at pH 5 were generally lower than those of pH 3 and 7 due 
to the influence of WPI’s isoelectric point (pH 4.8–5.2) causing a zero net charge and reducing 
electrostatic repulsion that leads to aggregation and precipitation (9). WPI-R mixtures and WPI-R 
conjugates displayed significantly higher water solubility than the single resveratrol (Figure 3a) at all 
studied pH (p < 0.05). Only WPI-R conjugates had equal or higher solubility than WPI. This showed 
the superiority of covalent conjugation over non-covalent conjugation on resveratrol’s solubility 
improvement. Conjugation altered the protein's net charge and secondary structure by decreasing the 
structure of the α-helix and increasing the β-sheet. This exposed more hydrophilic amino acids, 
enhancing hydrophilicity and solubility (2, 7, 12). On the other hand, the non-covalent conjugation 
created more β-turn which may partially hinder hydrophilic amino acids and lead to precipitation 
(11). The enhanced solubility of WPI-R conjugates positions them as viable carriers for delivering 
resveratrol in aqueous-based food products such as soft drinks, energy drinks, and milk. 
 
Emulsifying properties 

Although neither WPI-R mixtures nor WPI-R conjugates exhibited better emulsifying 
properties than WPI (Figures 3b and 3c), their emulsifying activities were greater at pH 7 than at pH 
3 and 5. For the WPI-R mixture, a decrease in random coil structure may reduce the flexibility of the 
protein and its ability to interact with the oil-water interface (13). While an increase in β-sheet in the 
WPI-R conjugates could enhance interfacial adsorption and stabilization, excessive unfolding due to 
conjugation may weaken emulsion. This may also be partially attributed to polyphenol aggregation, 
which could lead to protein aggregation and a weakened interfacial network structure (2, 14). pH has 
a major impact on emulsifying properties. All samples demonstrated the lowest emulsifying 
properties at pH 5 due to protein aggregation near the isoelectric point, which led to oil droplet 
coalescence (9, 14). Consequently, WPI-R mixtures and WPI-R conjugates would not be suitable for 
applications requiring high emulsion properties, such as mayonnaise, salad dressings, butter, and 
dairy products. 
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Figure 3. Water solubility (a), emulsifying activity (b), and emulsifying stability (c) of WPI, 
resveratrol, WPI-R mixtures, and WPI-R conjugates at 1:5 and 1:10 ratios and pH 3, 5, and 7. 
Different letters within the same pH indicate significant differences (p < 0.05) 
 
 
Antioxidant activity 

WPI exhibited the lowest DPPH and FRAP values (Table 2). The antioxidant activity of WPI-
R mixtures and WPI-R conjugates positively correlated with the amount of resveratrol used. The 
enhanced antioxidant activity may be attributed to the introduction of hydroxyl groups from 
resveratrol, which increased the complexes' hydrogen-donating capacity and free radical scavenging 
ability (2, 4). However, the lower antioxidant activities of WPI-R conjugates compared to WPI-R 
mixtures of the same ratio may be due to the degradation of resveratrol during the alkaline conjugation 
process. Resveratrol generally deprotonates hydroxyl groups at pH 8-10 and consequently loses its 
antioxidant activity (1). 

 
Table 2. Antioxidant activity of WPI, Resveratrol, WPI-R mixture at 1:5 ratio, WPI-R mixture at 
1:10 ratio, WPI-R conjugate at 1:5 ratio, and WPI-R conjugate at 1:10 ratio. 

Sample DPPH (µmol Trolox eq./g) FRAP (µmol Trolox eq./g) 
WPI 48.79 ± 1.68f 26.79 ± 2.30f 

Resveratrol 434.01 ± 0.63a 457.21 ± 5.55a 

WPI-R mixture 1:5 119.24 ± 3.96d 155.44 ± 0.87d 

WPI-R mixture 1:10 138.06 ± 3.66c 181.83 ± 1.15b 

WPI-R conjugate 1:5 90.04 ± 1.68e 147.65 ± 1.99e 

WPI-R conjugate 1:10 146.10 ± 3.88b 171.27 ± 3.40c 

Values are means ± SD (n = 3). Different letters in the same column indicate significant differences (p < 0.05). 
 
Conclusion 

This study illustrated the impact of non-covalent conjugation (mixing process) and covalent 
conjugation (alkaline process) on the structure, functional properties, and antioxidant activity of WPI-
resveratrol complexes. The UV-Vis and FTIR spectra revealed significant structural differences 
between the processes. Although the covalent conjugates were superior to the non-covalent mixtures, 

(a) 

(b) (c) 
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the solubility of resveratrol was significantly improved after conjugating with WPI in both cases (p 
< 0.05). Overall WPI-R mixtures showed a higher antioxidant activity than WPI-R conjugates. 
However, the conjugation processes did not enhance emulsifying properties. The ratio of 
WPI:resveratrol affected functional properties and antioxidant activity at different levels. Therefore, 
the type of conjugation and substrate ratio are important factors when designing WPI-resveratrol 
complexes for specific applications and purposes. 
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Abstract: 

Rice serves as a staple food for billions, and its glycemic Index (GI) has variations, directly 
impacting postprandial blood glucose levels very significantly in the management of diabetes, so 
understanding of its varieties with respect to how they would affect the blood sugar levels is important 
for developing dietary strategies in diabetic patients. This study investigates the development of a 
rice-based beverage using a pasteurization process.  The research examines the impact of varying 
concentrations of rice flour (3%, 7%, and 11%) on the color, pH, total sugar content, and microbial 
content of the beverage. During the methodology, rice samples were ground into flour and then sieved 
for uniformity to be processed into rice-based beverages. Enzymatic digestion using α-amylase of the 
prepared samples was followed by pasteurization. Preliminary results indicate that the rice-based 
beverages have a pH of 4.2, which is acidic, and a total sugar content of 100,945 µg/ml. The color 
values measured using Hunter Lab colorimeter (Color Quest XE) were L= 87.632.06a, a= 4.310.60ns, 
and b*= 26.891.22. The drinks were safe for consumption from the results of microbial content. 
Expected preliminary results of such a study might point to the Thai rice variety that have lower GI 
and hence can improve insulin sensitivity, thus offering functional benefits to diabetic patients. 
Results may show the existence of bioactive oligosaccharides in rice, which modulate glucose 
metabolism, thus demonstrating potential as a functional food. This research could form a basis for 
further studies in metabolomics research on rice in establishing optimal diet therapy for improving 
health outcomes in diabetic patients. Ultimately, identifying rice varieties with health-promoting 
properties could contribute to personalized nutrition strategies for better management of diabetes. 
 
Keywords: Rice oligosaccharides; Foodomics; Antioxidant properties; Diabetes management. 
 
Introduction 

Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycemia 
and has emerged as a major health problem globally, affecting over 422 million people worldwide. 
Management of diabetes generally involves lifestyle intervention through diet, exercise, or 
medication that keeps blood glucose within a normal range and avoids the complications associated 
with the disease [1]. 

Rice is the staple food for billions worldwide and is also criticized due to its high GI, raising 
concerns over its suitability for diabetic people. However, recent studies reveal that rice contains 
bioactive compounds such as oligosaccharides, which may have potential health benefits in diabetes 
management. Oligosaccharides are short-chain carbohydrates resistant to rapid enzymatic digestion, 
promoting a gradual release of glucose and supporting gut microbiota through fermentation [2]. 

This research focuses on the development of a rice-based beverage, studies of its sugar 
content, pH, and microbial properties, which will add to the knowledge of potential benefits for 
diabetes management. By investigating these aspects, the study lays the foundation for further 
research into the oligosaccharide composition of rice and its implications for glycemic control. 
Moreover, the safety of this drink will be evaluated, which can prove it to be a functional food that 
could help control diabetes over a long period of time [3]. 
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Materials and Methods 
The materials used in the experiment included 20 kilograms of rice grains, a hammer mill, a 

100-mesh sieve, polyethylene plastic bags, a double-layered boiling vat, an enzyme digestion 
machine, a Brix refractometer, HDPE plastic bottles, a Color Quest XE machine, a pH meter, and 
PCA agar. 

To prepare the rice flour, rice grains were ground using a hammer mill, and the resulting 
powder was sieved twice through a 100-mesh sieve to obtain 100-mesh rice flour. This sieved flour 
was then stored in bags and divided into three portions based on weight to create electrolyte drink 
formulations at 3%, 7%, and 11% concentrations. 

For the preparation of the rice-based beverage, the rice flour was mixed with water at a 1:6 
ratio (using water that met GMP consumption standards). The mixture was heated in a double-layered 
boiling vat to 90°C for 5 minutes to gelatinize the starch. After gelatinization, the mixture was 
transferred to an enzyme digestion machine, where α-amylase enzyme was added at a concentration 
of 62.92 mol and incubated for 138.31 minutes at 35°C. The digestion process was halted by boiling 
the mixture for 5 minutes. The mixture was then filtered to retain only the clear part, with the sediment 
stored for other uses. The sweetness of the rice starch water was measured using a Brix refractometer, 
yielding a value of 17 Brix. The clear liquid was stored in polyethylene plastic bags or cold bags at -
18°C in a freezer until pasteurization [8]. 

To produce the rice-based drink, the frozen clear liquid was thawed and transferred to a 
double-layered boiling pot. The required amount of liquid for each formulation (3%, 7%, and 11%) 
was calculated. For the 3% formula, 7.04 liters of clear liquid was mixed with 32.96 liters of water. 
For the 7% formula, 16.48 liters of clear liquid was combined with 23.52 liters of water. For the 11% 
formula, 14.12 liters of clear liquid was mixed with 25.88 liters of water [9]. 

In the pasteurization step, the solidified rice starch water was reheated to obtain a liquid, which 
was then pasteurized at 75°C for 30 seconds. The pasteurized drink was filled into 250-milliliter 
HDPE plastic bottles while hot and cooled by passing them through cold water. The bottles were 
stored at 4°C for analysis. 

For the analysis of the characteristics and properties of the beverage, several tests were 
conducted. The color value was measured using the Color Quest XE machine, following a specific 
procedure to ensure accurate readings. The total sugar content was tested using the Phenol-Sulfuric 
reaction method, with the absorbance measured at 490 nm and a glucose standard curve used to 
determine the sugar content. The acidity-alkalinity of the beverage was analyzed using a pH meter, 
with the pH recorded after dipping the electrode into the beverage sample. Finally, microbial content 
was analyzed using the pour plate technique on PCA agar to determine the total bacterial count [10]. 

Statistical analysis was conducted using appropriate software, and differences between groups 
were considered statistically significant at p < 0.05. 
 
Results and Discussion 

This research investigates the development of a rice-based drink using a pasteurization 
process.  

The findings show that the rice-based beverage had desirable attributes, including light color 
(L* values 87.34–89.42) with a slight yellow tint (b* values 26.72–26.92) and consistent acidic pH 
(4.2), critical for microbial stability. Sugar content increased with rice concentration, ranging from 
23,108 µg/ml (3%) to 100,945 µg/ml (11%). Microbial analysis confirmed that all formulations were 
safe for consumption. 

These results demonstrate the potential of rice-based beverages as a nutritional and functional 
drink. However, while rice oligosaccharides are recognized for their prebiotic benefits and their role 
in glycemic control, this study did not include direct analysis of oligosaccharides or glycemic index 
(GI). 
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Table 1: Color, Total sugar, and pH analysis of beverages using Hunter Lab colorimeter (Color Quest 
XE) 

Formulation 
Color analysis 

pH 
 

sugar content 
 

(µg/ml.) 

Total Bacteria 
 
(MeanLogCFU±S.D./ml L* a* b* 

3% 89.42±2.72a -4.49±0.71ns 26.92±1.32 

ns 4.2 23,108 4.30±0.02 

7% 87.34±5.42ab -4.34±0.57ns 26.72±2.46 

ns 4.2 57,837 4.40±0.02 

11% 87.63±2.06a -4.31±0.60ns 26.89±1.22 

ns 4.2 100,945 4.30±0.02 

Notes: 
* The letters ns in the column indicate values that are not significantly different at the 95% confidence level.  
** The letters a and b in the column indicate significant differences at the 95% confidence level.  
*** All experiments were conducted in triplicate.  
 
 
Discussion 

The findings of this study indicated that the rice-based beverage was desirable in color, pH, 
and sugar content. The color of the drink was acceptable and within the range of other drinks available 
within the market. The pH of the beverage was below the neutrality level, acidical (4.2), a condition 
necessary to prevent the growth of bacteria and thus make the product safe. The sugar content of the 
drink was 100,945 µg/ml. Microbial analysis showed that the drink was safe to drink, hence suitable 
for the target audience. 

These findings provide further insight into the varied oligosaccharide composition of rice and 
some benefits such rice may offer to diabetic patients. Oligosaccharides present in rice might help 
reduce the GI of the beverage, therefore providing an added advantage to diabetic patients in their 
blood sugar management. Further, prebiotic effects of rice oligosaccharides may promote gut health 
by encouraging the proliferation of beneficial microbiota that may lead to good overall health. 
 
Future Directions 

The present investigation thus forms the foundation for exploring rice-based beverages as 
functional foods. Therefore, further studies on rice-based beverages are necessary to study the 
following: 

• Oligosaccharide Profiling: The in-depth oligosaccharide profiling in rice beverages may 
reveal prebiotic characteristics of the molecules. 

• Glycemic Index Evaluation: Measuring the glycemic index (GI) of rice-based beverages will 
help assess their suitability for individuals managing blood sugar levels, such as diabetic 
patients. 

• Optimized Processing: Investigating different processing techniques to enhance the 
oligosaccharide content and nutritional value of rice beverages could improve their functional 
properties. 

• In Vitro and In Vivo Studies: Preclinical and clinical studies will be performed with rice 
oligosaccharides to test their efficacy on gut microbiota and metabolic markers in order to 
validate functional benefits for diabetes management. 

 
By addressing these aspects, rice-based beverages could be further developed toward gut 

health, metabolic wellness, and blood sugar management to offer a promising dietary option for 
people with certain health needs. 
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Conclusion 
The aim of the research was the development of a beverage based on rice from rice flour and 

determination of nutritional-functional parameters. By the results, it has been revealed that the 
developed beverage corresponds to specifications: pH was 4.2; the content of sugar was 100,945 
µg/ml; color value-L* was 87.63 ± 2.06; a*-4.31 ± 0.60; and b* 26.89 ± 1.22. 

The results from this study provide some preliminary insights into the characteristics of rice-
based beverages. Further studies should be conducted to determine whether rice-based drinks can 
contribute to health benefits for diabetic consumers in terms of the glycemic index, oligosaccharide 
content, and prebiotic action of rice oligosaccharides. Further optimization of rice processing could 
improve the nutritional and functional quality of such beverages, thereby aiding in the improvement 
of general health. 
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Abstract: 

This study provides the first comprehensive analysis of PEF-enhanced anthocyanin extraction 
from purple rice leaves and demonstrates its potential as a novel functional ingredient for improving 
metabolic health in an obesity model. The levels of C3G, TPC and antioxidant activity (measured by 
DPPH and ABTS) were tested under different electric field intensity (5, 7.5, and 10 kV/cm) and pulse 
numbers (2000, 3000, and 4000). Results showed that higher field strength and more pulses increased 
TPC and antioxidant activity but lowered C3G because of heat damage. Optimal extraction conditions 
(5 kV/cm, 2000 pulses) balanced high C3G content with enhanced antioxidant activity. The health 
benefits of the C3G extract were tested in male Wistar rats on normal and high-fat diet. The extract 
lowered LDL, triglycerides and cholesterol while raising HDL. It also improved blood sugar control, 
shown by lower glucose levels and AUC during the OGTT. These findings highlight the potential of 
PEF-extracted anthocyanins as a sustainable approach to enhance metabolic health, with promising 
applications in functional foods, nutraceuticals, and agricultural byproduct valorization.  
 
Keywords: Anthocyanin; Cyanidin-3-Glucoside (C3G); Purple rice leaves; Pulsed electric field (PEF); 
Lipid profile  
 
Introduction 

The export volume of Thai rice has shown an upward trend, rising from 5.7 million tons in 
2020 to 8.7 million tons in 2023, an average increase of 15.33% per year ( 7) . As a result, 
agricultural  
by-products such as rice straw and husks have also increased, particularly in the northern region, 
where purple rice is commonly grown. Studies found that purple rice leaves contain high levels of 
anthocyanins, which contribute to strong antioxidant properties (9). 

Anthocyanins are found in many forms and Cyanidin-3-O-glucoside (C3G) is one of the most  
common. It helps regulate blood sugar, burn fat, reduce inflammation, improve insulin sensitivity, 
and lower blood sugar levels (15). Anthocyanins can also inhibit enzymes involved in starch and 
sugar digestion, reducing post-meal blood sugar spikes (6). They help regulate lipids by lowering 
LDL cholesterol and increasing HDL (3). 

Efficient anthocyanin extraction depended on factors such as temperature, pH, solvent type, 
and extraction time. Environmentally friendly solvents were essential because traditional solvents 
were often toxic and harmful to the environment. PEF technology provided several advantages over 
traditional methods, including non-thermal processing that preserved heat-sensitive nutrients, higher 
extraction efficiency with increased yields of bioactive compounds, and reduced processing time and 
energy consumption. PEF produced better results than UAE (Ultrasound-Assisted Extraction) and 
HVED (High Voltage Electrical Discharge) because it used high-voltage pulses to break cell 
membranes through electroporation, allowing anthocyanins like C3G to be released more easily. It 
operated as a non-thermal process, keeping the temperature below 10 °C, which preserved heat-
sensitive compounds. PEF also extracted more efficiently and faster while consuming less energy. 
Additionally, it maintained the stability and bioactivity of compounds better than other methods since 
it avoided toxic solvents and high heat. PEF was environmentally friendly and suitable for industrial 
applications due to its scalability and reduced environmental impact (12). 

Although anthocyanins from purple rice have been widely studied, the health effects of 
extracts from rice leaves in rats have not been studied before. This study aimed to extract 
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anthocyanins from these leaves and evaluate their health benefits by measuring lipid profiles and the 
body's ability to use sugar in Rattus norvegicus rats. If the results are positive, purple rice leaves 
could be used as a value-added agricultural byproduct, providing additional income for farmers. 

 
Materials and Methods 
Chemicals 

Potassium chloride buffer (pH 1.0), sodium acetate buffer (pH 4.5), C3G were purchased from SM 
Chemical Supplies Co., Ltd. (Thailand). Folin - Ciocalteu reagent was purchased from Merck (Germany).  
DPPH (2,2-diphenyl-1-picrylhydrazyl), Gallic acid, ABTS (2,2′-azinobis-3-ethylbenzothiazoline-6-
sulfonic acid) were purchased from Sigma-Aldrich (USA). Hydrochloric acid was purchased from RCI 
Labscan Ltd. (Thailand). Potassium persulfate was purchased from Panrea (Spain). 95% Ethanol was 
purchased from Union Science Co Ltd. (Thailand). Dri-chem slide for high-density lipoprotein (HDL), 
triglyceride, cholesterol and glucose were purchased from Meditop Co., Ltd. (Thailand). All other chemicals 
were analytical grade or above. 

 
Sample preparation 

Doi Saket purple rice leaves (Oryza sativa L.) were collected from the Lanna Rice Research 
Center, Chiang Mai University (Chiang Mai, Thailand) during the winter season, between November 
24 - 27, 2022. The leaves were then washed and dried in a hot air oven at 60°C until they reached a 
constant weight, resulting in a moisture content of about 2%. After drying, the leaves were finely 
ground using a powder grinder (Sgethai, Bangkok, Thailand) and passed through the sieve (120 Mesh). 
Then, stored in a high-density polyethylene (HDPE) bag at -20°C. 

 
Extraction of anthocyanin  

The method and parameters were adapted from Salee et al. (10) that extracted C3G from seeds. 
These studies showed that the optimal conditions for extracting C3G were an E of 4 kV/cm with 3681 
pulses and 5.7 kV/cm with 2000 pulses. These conditions provided the highest yield of C3G. The 
extraction ratio of purple rice leaves to 95% ethanol was set at 1:10 (w/v). A 100 ml mixture of purple 
rice leaves in 95% ethanol (0 .1  g/ml) was placed in the PEF equipment. The extraction conditions 
varied, with electric field strength ranging from 5-10 kV/cm, a pulse width of 1 µs, and a frequency of 
10 Hz. A 500 W power supply and a 0.1 µF capacitor at 20 kV were used. Electric field intensity (E) 
of 5, 7.5 and 10 kV/cm were applied, with number of pulses (N) set at 2000, 3000 and 4000. After the 
initial extraction, the solution was filtered with Whatman No.1  filter paper, and the remaining leaves 
powder was re-extracted. The two extracts were then combined and concentrated using a rotary 
evaporator (BUCHI Thailand Ltd., Bangkok, Thailand) at 40 °C, 30 mbar at 50 rpm. The concentrated 
residue was washed with deionized water and adjusted to a final volume of 25 ml. The extract was 
centrifuged at 3000 rpm for 10 minutes at 25°C to remove insoluble debris before storage at -20°C. 

 
Purification of Anthocyanins 

The method was adapted from Gao et al. ( 2) . First, glass wool was placed at the bottom of the 
column to hold the silica gel (Merck, Germany) in place. Then, silica gel saturated with ethanol was 
poured into the column. Solvent was added to smooth out the silica gel and remove any air bubbles, 
ensuring that the solvent level was just above the gel to prevent bubble formation. Next, 50 mL of the 
extract was added. The column was sequentially eluted with 0.01% hydrochloric acid to remove 
sugars and fats, followed by ethyl acetate to clear out non-anthocyanin polyphenols, and finally 0.01% 
hydrochloric acid in ethanol to elute the anthocyanins until the purple color faded. Afterward, the 
solvent was evaporated at 40°C. DI water was then used to rinse the residue and the volume was 
adjusted to 25 mL. The sample was stored at -20°C until further analysis. 
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Animals Testing Model 
Animal Preparation 
Twenty-four (4 - 5 weeks of age) male Wistar rats were purchased from the National Laboratory 

Animal Center, Mahidol University, Salaya ( Nakorn-Pathom, Thailand) . They were housed in the 
Animal House, Laboratory Animal Center (LAC), Chiang Mai University, Chiang Mai, Thailand, 
under controlled conditions (12-hour light/dark cycle, 50 ± 10% humidity, at 21 ± 1°C) and were 
provided with food and tap water ad libitum. All procedures were conducted according to the 
experimental protocols approved by the Animal Ethics Committee of LAC, Chiang Mai University 
(approved protocol No. RT0020/2566). 

Animal Use Protocol  
The method was adapted from Pratchayasakul et al. ( 8) . A C3G dose of 2.37 mg kg-1 body 

( BW)  was used which showed a significant reduction in blood sugar levels in obese rats (14). The 
rats were randomly divided into two diet groups (n = 12 in the high-fat diet group and n = 12 in the 
normal diet group). The normal diet (ND) was provided by Smart Heart Hamster (Bangkok, Thailand) 
whereas the other group received a diet with fat mainly from lard (59.3% of energy). At week 12, 
each diet group was split into two subgroups. The first subgroup received 0.9% normal saline solution 
at 2 ml kg-1 BW/day and the second subgroup received the extract at the same dosage for 4 weeks. 
Before blood collection, the rats were fasted for 12 hours. Blood samples of 1 ml kg-1 BW were 
collected from the saphenous vein at weeks 0, 12, and 16 to analyze HDL, triglycerides, cholesterol 
and LDL. Then, blood was centrifuged to separate the serum for analysis at a speed of 3000 rpm, at 
25°C, for 10 min. After 4 weeks of extract administration, an Oral Glucose Tolerance Test (OGTT) 
was conducted by administering glucose at 2 g kg-1 BW/day by gavage. Blood samples were collected 
at 0, 30, 60 and 120 min. The plasma samples were stored at -80 °C until analysis, which was 
performed using a FUJI DRI-CHEM 3500i (Burladingen, Germany). 

 
Analysis 
Determination of Total Phenolic Content (TPC)  

For each sample, 50 µL was used, and 100 µL of Folin-Ciocalteu reagent was added to each 
well. The mixture was shaken for 1 minute and then left for 4 min. After that, 50 µL of sodium 
carbonate solution was added to each well. This was done three times for each sample. The 96-well 
plate with the samples was kept in the dark for 2 hours. After that, the absorbance at 765 nm was 
measured with a microplate reader. TPC was calculated using a gallic acid standard curve and 
expressed as grams of  gallic acid equivalents per ml extract (g GAE/ml extract). (1) 
Determination of C3G content 

High-performance liquid chromatography (HPLC) was used to separate and measure the 
amount of C3G in the extract, following the method by Siriwoharn et al. (11). The HPLC system used 
for this analysis was from Hitachi High-Tech Corporation, Tokyo, Japan, and it included a C18 
column (HC-C18 Column, 4.6 x 150 mm, 5 µm, 400 bar, Agilent, United States). The mobile phase 
had two parts: mobile phase A was 100% HPLC-grade acetonitrile, and mobile phase B was a mix of 
1% glacial phosphoric acid in deionized water. To ensure the solvents and samples were clean, they 
were filtered using a 13mm Nylon syringe filter with a pore size of 0.22µm. The chromatographic 
program followed a precise sequence: (a) 0 min, 2% A; (b) 0-25 min, employing a linear gradient that 
transitioned from 2% to 20% A; (c) 25-30 min, with a linear gradient ranging from 20% to 40% A; 
(d) 30-35 min, with a linear gradient returning from 40% to 2% A. Simultaneous monitoring of the 
chromatographic separation was conducted at 520 nm, with a constant flow rate of 1 mL/min and an 
injection volume of 10 µL. 
Determination of antioxidant activity 

Determination of DPPH radical scavenging activity  
100 µL of the extract solution was mixed with an equal volume of DPPH solution and allowed 

to stand for 30 min in darkness during the incubation period. Subsequently, the absorbance of the 
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resulting mixture was measured at 17 nm. The capacity to scavenge DPPH radicals within the samples 
was calculated employing Equation  

% DPPH scavenging activity = (( C- S ) /  C ) x 100 % 
where C was UV absorbance of control solution and S was UV absorbance of the sample solution. (10) 
 

ABTS radical scavenging activity assay  
The ABTS solution was prepared by combining 2.45 mM of K2S2O8 with 7 mM of ABTS 

solution at a ratio of 1:2 (v/v), followed by a 24-hour incubation period in darkness. During the 
analysis, 50 µL of each sample was mixed with 100 µL of the ABTS solution in a 96-well plate and 
left at room temperature for 30 min. Next, the absorbance of the samples was measured at 734 nm 
using a microplate reader. The standard regression equation was plotted between the absorbance and 
the Trolox concentration at various levels. Antioxidant capacity was calculated and expressed as 
grams of Trolox equivalent antioxidant capacity per milliliter of extract (g TEAC/g extract). (10) 
Lipid Profile and Oral Glucose Tolerance Test (OGTT) Analysis 

The rats received a glucose solution (2 g/kg weight) through gavage feeding. Blood samples 
were collected from the saphenous vein at 0, 30, 60 and 120 min after glucose administration. The 
area under the curve (AUC). AUC were calculated using the formula:  

AUC = (0.25×fasting value) + (0.5×30 min) + (0.75×60 min) + (0.5×120 min) 
 
 For glucose levels was calculated using the trapezoidal formula to assess glucose tolerance. 

The Lipid Profile analysis and glucose measurement were conducted using the FUJI DRI-CHEM 
analyzer. First, the appropriate DRI-CHEM slides were selected for cholesterol, triglycerides, HDL, 
and glucose. Approximately 10 µL of serum or plasma was applied to the sample area on each slide 
using a pipette, and the analyzer lid was closed. The start button was pressed to initiate the 
measurement. After a few min, the results were displayed on the screen and recorded. LDL was 
calculated using the Friedewald equation:  

LDL = total cholesterol – ((HDL + (triglycerides/5)) (13) 

 
Statistics analysis 
 All experiments were conducted in triplicate, and all data were analyzed using one-way analysis 
of variance (ANOVA) and Duncan’s test on SPSS software version 17.0 (SPSS Inc., Chicago, IL, 
USA) for analysis with a significant level of p < 0.05. 
 
Results and Discussion 
Effect of PEF process variables on C3G, TPC, DPPH, ABTS and Temperature values. 

Table 1 presents the TPC, antioxidant activities, and C3G content of extracts under various PEF 
extraction conditions. The C3G content ranged from 3.43 ± 0.04 to 178.4 ± 24.1 mg/g extract, while 
TPC varied between 96.7 ± 0.1 and 242.46 ± 1.8 mg GAE/g extract. Antioxidant activities were 
measured using the DPPH and ABTS tests. DPPH (% inhibition) ranged from 36.7 ± 1.8 to 89.6 ± 
0.3, and ABTS (g TEAC/g extract) ranged from 1.0 ± 0.2 to 4.9 ± 0.2. Increasing the E reduced the 
C3G content but increased the TPC and enhanced radical scavenging activities in both DPPH and 
ABTS. Similarly, increasing the N decreased the C3G content while boosting the TPC and enhancing 
radical scavenging activities in both DPPH and ABTS. Both independent variables increased the 
temperature. A previous study (4) used water at 100°C to extract C3G by soaking for 3 minutes and 
obtained 0.0468 mg/g. In this study, the highest C3G yield was 16.4 mg/g, which is about 350 times 
higher than the traditional method. 

This was consistent with the study by Salee et al. (10) on PEF-assisted extraction of purple rice 
grain, which found that increasing the E and the N resulted in a higher amount of bioactive 
compounds. This occurred because the density of pores in the cell membrane and cell wall of the rice 
changed, allowing for increased mass transfer through the cell walls that contained the bioactive 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 38 

compounds. However, anthocyanin content decreased significantly as the temperature increased, 
especially at temperatures above 40°C, leading to notable degradation of anthocyanins. 
 
Table 1. The C3G, TPC, DPPH, ABTS, and temperature of the purple rice leaf extracts by using the 
PEF technique. 

E Pulsed 
C3G TPC DPPH ABTS Temperature 

(mg/g extact) (mg GAE/g extact) (% inhibition) (g TEAC/g extact) (oC) 

5 2000 164.0±9.7a 96.75±0.1j 36.7±1.8i 4.9 ± 0.1a 37.3±0.5i 
5 3000 54.56±2.0c 105.4±0.3i 58.79±0.4h 3.0 ± 0.5c 41.0±0.0h 
5 4000 35.75±0.3de 114.3±2.7h 58.32±0.5h 1.0 ± 0.2f 44.3±0.5g 

7.5 2000 41.11±1.1cd 124.69±0.8g 65.06±0.7g 2.8 ± 0.4cd 45.0±0.0f 
7.5 3000 35.74±1.8de 130.34±1.4f 80.50±0.18e 2.0 ± 0.1e 41.0±0.0e 
7.5 4000 34.72±0.4de 139.32±0.5d 78.55±0.3f 4.3 ± 0.3b 54.3±0.5d 
10 2000 22.87±0.9ef 195.02±4.1c 84.55±0.3bc 2.5 ± 0.4d 59.0±0.0fc 
10 3000 9.45±0.3fg 213.15±0.2b 85.39±0.4b 2.1 ± 0.5e 60.0±0.0b 
10 4000 3.43±0.0h 242.46±1.8a 89.63±0.3a 1.9 ± 0.2e 65.0±0.0a 

Values are means ± SD (n = 3). a, b, c, d indicate significant differences (p < 0.05) between groups. 
 

 
Figure 1 showed a correlation heatmap with significant relationships (p < 0.05) between E, N, 

C3G content, TPC, DPPH, ABTS and temperature. The E was positively correlated with TPC, DPPH, 
ABTS and temperature. This meant that increasing the E improved phenolic content and antioxidant 
activity but also increased the extraction temperature. However, there was a negative correlation 
between E and C3G showing that higher intensities caused a loss of C3G, potentially resulting from 
thermal degradation. The N also showed a negative correlation with C3G , indicating that more pulses 
further reduced C3G content. C3G was negatively correlated with TPC. This suggested that higher 
phenolic content and antioxidant activity led to lower C3G levels, likely due to heat-related 
degradation during extraction. 

Therefore, E and N significantly affected TPC and extraction temperature, where higher TPC 
was associated with increased antioxidant activity in DPPH. In contrast, C3G decreased significantly 
as both TPC and DPPH antioxidant activity increased. Thus, an electric field intensity 
 of 5 kV/cm with 2000 pulses was chosen, as it yielded the highest amount of C3G and required the 
shortest extraction time. 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
Figure 1. correlation heatmap (p < 0.05) between The C3G, TPC, DPPH, ABTS, and temperature 
with positive correlations in red and negative in blue. 
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Effect of C3G extract for Lipid profile 
Table 2 illustrates the positive effects of C3G supplementation on body weight and lipid profiles 

in both HFD and ND groups. In the HFD group, body weight increased significantly from 571.7 ± 25.4 g 
to 602.9 ± 33.1 g, whereas the HFD+C3G group maintained a stable weight of 573.2 ± 32 g. The 
ND+C3G group showed a slight weight increase to 447.4 ± 18.3 g at 16 weeks, while the ND group 
reached 561.6 ± 16.5 g. These findings suggested that C3G helped control weight gain in the normal 
diet group, leading to less weight gain compared to the ND group without C3G. 
Triglyceride levels increased in the HFD group from 148 ± 8.4 mg/dL to 174.5 ± 6.3 mg/dL. 
However, significant reductions were observed in the HFD+C3G group (128.7 ± 3.4 mg/dL), with 
the lowest triglyceride levels recorded in the ND+C3G group (89 ± 5.2 mg/dL). Cholesterol levels 
also increased in the HFD group, while the HFD+C3G group experienced a reduction to 77.3 ± 3.6 
mg/dL, similar to ND+C3G (79.7 ± 2.4 mg/dL). HDL levels were highest in the ND+C3G group at 
61 ± 2.2 mg/dL, whereas LDL levels were reduced with C3G, reaching 16.2 ± 1.7 mg/dL in 
HFD+C3G and 5.3 ± 1.1 mg/dL in ND+C3G. 
 
Table 2. Effect of 4-week anthocyanin extract administration on body weight, triglyceride, 
cholesterol, HDL, and LDL between groups fed with a normal diet (ND) and a high-fat diet (HF diet). 

Parameter Week HFD HFD+C3G ND ND+C3G 

Body weight (g) 12 571.7 ± 25.4a 575.6 ± 30.7a 504.6 ± 16.5ab 442.3 ± 15.7b 
 16 602.9 ± 33.1a 573.2 ± 32a 561.6 ± 16.5*,a 447.4 ± 18.3*,b 
Triglyceride (mg/dL) 12 148 ± 8.4bc 159.7 ± 4c 100.2 ± 1.9ab 106.3 ± 5.2a 
 16 174.5 ± 6.3*,a 128.7 ± 3.4*,b 102.8 ± 1.9c 89 ± 5.2*,d 
Cholesterol (mg/dL) 12 107.2 ± 5.7a 107.3 ± 2.1a 80.8 ± 2b 83.2 ± 2.6b 
 16 112.8 ± 6*,a 77.3 ± 3.6*,b 85.2 ± 2.7*,b 79.7 ± 2.4*,b 
HDL (mg/dL)  12 44.2 ± 1.2bc 42 ± 1.4c 48.7 ± 2.2ab 53.3 ± 2.5a 
 16 42.3 ± 1.1c 41.5 ± 3.3c 50.7 ± 2.2b 61 ± 2.2*,a 
LDL (mg/dL) 12 40.7 ± 6.1a 41.2 ± 2.1a 16.8 ± 0.9b 13.8 ± 1.4b 
 16 44 ± 6.5*,a 16.2 ± 1.7*,b 18.8 ± 1.2b 5.3 ± 1.1*,c 

a, b, c, d indicate significant differences (p < 0.05) between groups. * indicates significant differences  
(p < 0.05) within the same group compared to its baseline. 
 
 

Figure 2 showed the effects of C3G extract on various health markers. For body weight (A), 
ND without C3G experienced significant weight gain whereas the HFD group with C3G gained less 
weight, indicating its potential in weight control. Triglyceride levels (C) significantly decreased in 
groups treated with C3G but remained high in non-supplemented groups. HDL levels (B) showed no 
significant changes. however, C3G seemed to maintain or slightly improve HDL levels compared to 
decreases in non-C3G groups. LDL levels (D) dropped significantly in both ND and HFD groups 
with C3G. Cholesterol levels (E) exhibited the most substantial reduction in the HFD group with 
C3G, highlighting its cholesterol-lowering properties. 

C3G improved lipid metabolism by inhibiting HMG-CoA reductase, thereby reducing LDL 
production and enhancing LDL receptor expression for efficient clearance. It also supported HDL 
functionality by promoting reverse cholesterol transport, returning excess cholesterol to the liver for 
elimination (1). Additionally, C3G activated the Nrf2 pathway, reducing oxidative stress and inflammation. 
These findings were consistent with prior research demonstrating that anthocyanins enhanced lipid profiles, 
reduced LDL and increased HDL, thereby mitigating cardiovascular risks in high-fat diet conditions. (5, 7) 
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Figure 2. variations in body weight, triglyceride, cholesterol, HDL, and LDL after C3G 
administration. a, b, c, d indicate significant differences (p < 0.05) between groups. 
 
 
Effect of C3G extract for OGTT 

Figure 3 illustrates the effects of C3G extract on plasma glucose levels during the OGTT and 
the corresponding AUC. The HFD group displayed the highest glucose levels, peaking at 60 minutes, 
indicative of poor glucose tolerance. The HFD+C3G group demonstrated significantly lower glucose 
levels compared to the HFD group, suggesting that C3G improved glucose metabolism. Similarly, 
the ND+C3G group exhibited a smaller glucose peak and a faster return to baseline compared to the 
ND group. 

In B, the AUC values confirmed these findings. The HFD+C3G and ND+C3G groups 
displayed significantly lower AUCs compared to their respective controls, with the ND+C3G group 
showing the lowest AUC. This suggested that C3G reduced glucose levels and improved glucose 
regulation. These findings indicated that C3G supplementation supported better glucose control in 
both normal and high-fat diet groups. 
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The improvement was likely attributed to the antioxidant properties of anthocyanins, which 
increased insulin sensitivity and supported improved β-cell function. Anthocyanins influenced key 
pathways, such as the Nrf2 pathway, to enhance antioxidant defenses and protect cells from damage. 
The AUC, representing the overall glucose response during the OGTT, further supported these results. 
Lower AUC values in treated groups suggested better glucose regulation, possibly due to enhanced 
insulin signaling. These findings aligned with studies that demonstrated anthocyanin-rich diets 
reduced post-meal glucose and lipid levels (12). 

 
 
 
 
 
 

 
Conclusion 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. plasma Glucose Levels During OGTT (A) and AUC for Plasma Glucose During OGTT (B). 
a,b,c,d, p < 0.05 indicate comparisons between groups at the same time point. 
 
 
Conclusion  

The study showed that PEF extraction significantly affected the antioxidant properties and 
chemical composition of purple rice leaf extracts, including C3G, TPC, DPPH, and ABTS levels. 
Lower electric field intensities and pulse numbers preserved higher C3G content but resulted in lower 
TPC and antioxidant activities. In contrast, higher field intensities and pulse numbers increased TPC 
and antioxidant activities but reduced C3G content due to thermal degradation. The optimal extraction 
conditions, which balanced high C3G content and antioxidant activity, were achieved at 5 kV/cm 
with 2000 pulses. 

C3G supplementation improved lipid profiles and glucose metabolism in both HFD and ND rat 
groups. It reduced LDL, triglycerides, and cholesterol, increased HDL levels and improved glucose 
tolerance as shown by OGTT results. These effects were likely due to the antioxidant properties of 
C3G, which enhanced insulin sensitivity, supported β-cell function, and activated key pathways like 
Nrf2. C3G improved lipid regulation and glucose control. These findings suggest that C3G could be 
a potential dietary supplement for improving metabolic health. 
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Abstract: 
Fish in the scombroid family, including mackerel, have proteins that are rich in the amino acid 

histidine. The amino acid histidine can be transformed into histamine through a decarboxylation 
process facilitated by the enzyme histidine decarboxylase, which is generated by bacteria from the 
Enterobacteriaceae family commonly found in the intestines, gills, and skin of fish. Histamine is a 
toxic substance in food that poses a chemical hazard, causing food poisoning. Therefore, high levels 
of histamine are undesirable in food as they affect allergic in consumer health. This research 
investigated the application of Blockchain technology for risk hazard assessment in seafood, 
specifically focusing on histamine levels in mackerel. By implementing a blockchain-based system, 
we aimed to enhance food safety and traceability throughout the supply chain. Our study involved 
analyzing histamine levels in mackerel samples stored at different temperatures (4°C and 30°C) for 
up to 120 hours using a fluorometer with the fluorescence method. We found that the control sample 
stored at 30°C showed the highest increase in histamine levels from the initial value of 2.316 µg/g to 
186.432 μg/g. This method used a fluorometer that analyzed results with graphs and standard 
concentration values, resulting in very little variation in histamine levels across three repeated 
measurements.  Our findings demonstrated that blockchain technology can effectively record and 
track histamine levels in mackerel, providing real-time data for risk assessment. The system allowed 
for the identification of potential hazards early on, enabling timely interventions to prevent foodborne 
illnesses. By leveraging the decentralized and immutable nature of blockchain, we can enhance 
transparency, accountability, and consumer trust in the seafood industry. 

Keywords: Blockchain technology; Risk hazard assessment; Seafood; Food safety; Traceability; 
Histamine concentration.  

Introduction  
Seafood consumption is a vital part of a healthy diet, providing essential nutrients. However, 

seafood safety is a critical concern due to the potential for contamination with pathogens and 
hazardous substances.  Traditional food safety systems often rely on paper-based documentation, 
which can be prone to errors, manipulation, and delays, making it challenging to track the origin and 
history of seafood products. Blockchain technology emerges as a revolutionary solution to address 
these challenges, offering a secure, transparent, and immutable platform for managing and sharing 
information throughout the seafood supply chain. ((Rani et al., 2024)) 

Histamine is a naturally occurring biogenic amine found in various foods, particularly in fish 
belonging to the scombroid family, including mackerel. This compound is produced by the enzymatic 
decarboxylation of histidine, catalyzed by histidine decarboxylase, an enzyme secreted by bacteria, 
primarily from the Enterobacteriaceae family, commonly found in the intestinal tracts, gills, and skin 
of fish. Elevated levels of histamine in food are a serious public health concern due to its potential to 
cause allergic reactions, known as scombroid poisoning, characterized by symptoms like flushing, 
headache, nausea, and vomiting. (Comas-Basté et al., 2019) 
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Traditional food safety methods for histamine detection often rely on time-consuming 
laboratory analysis, which can delay timely interventions and potentially compromise food safety. 
This study aims to address this issue by exploring the application of blockchain technology to enhance 
food safety and traceability in the seafood industry, focusing specifically on the control of histamine 
levels in mackerel. 

This paper explores the potential of Blockchain technology for enhancing food safety and 
traceability in the seafood industry. The focus is on its application for risk hazard assessment, a crucial 
step in preventing foodborne illnesses and maintaining consumer confidence. By leveraging the 
decentralized and tamper-proof nature of Blockchain, this study aims to demonstrate its effectiveness 
in creating a robust system for tracking seafood from source to consumer, enabling efficient 
identification of potential hazards, early intervention, and improved risk management practices. 

Blockchain technology provides a decentralized and immutable platform for recording and 
sharing data, enabling greater transparency and accountability throughout the supply chain.  Its 
decentralized nature offers resistance to tampering, ensuring the integrity and reliability of recorded 
information. This study investigates the potential of blockchain technology to revolutionize food 
safety practices by integrating real-time monitoring of histamine levels, enabling prompt 
identification of potential hazards and timely interventions to mitigate risks of scombroid poisoning. 
The findings of this study have the potential to contribute to the development of robust and efficient 
food safety protocols, ultimately promoting consumer confidence and trust in the seafood industry. 
((Yu et al., 2024)) 

Materials and Methods 

Materials: 
• Fresh mackerel (Scomber scombrus) obtained from local fish markets. 

• Phosphate-buffered saline (PBS) solution 
• Histamine standard (Sigma Aldrich) 

• Fluorometer (Thermo Scientific) 
• Blockchain platform (Ethereum) 

• Temperature-controlled storage equipment 
Methods: 

1. Sample Collection and Preparation: Fresh mackerel samples were purchased from local fish 
markets. Samples were immediately transported to the laboratory and stored at 4C. 

2. Histamine Extraction: The mackerel samples were homogenized in PBS solution, and the 
homogenate was centrifuged at 10,000 rpm for 10 minutes to remove any debris. The supernatant 
was collected and stored at -20C until analysis. 
3. Histamine Analysis: Histamine levels were measured using a fluorometer (Thermo Scientific) 
based on the method described by [reference]. Briefly, histamine reacts with o-phthalaldehyde (OPA) 
to produce a fluorescent product that can be quantified by measuring its fluorescence intensity. 

4. Bacterial enumeration: Total plate count was determined using the spread plate method with 
Tryptic soy broth (TSA) as the growth medium. Incubation conditions: Plates were incubated at 35C 
for 24 hours. Colony counting: Colonies were counted on plates with 25-250 colonies. Results 
expression: Total plate count was reported as colony-forming units per gram (CFU/g). 

5. Temperature Storage and Monitoring: The mackerel samples were stored at two different 
temperatures: 4C (refrigerated) and 30C (room temperature). The samples were stored for up to 120 
hours, and histamine levels were measured at regular intervals. ((Koo & Lim, 2023)) 
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6. Statistical Analysis: Data was analyzed using statistical software (SPSS). One-way ANOVA was 
performed to compare histamine levels between different storage temperatures and time points. 
(Mohamed et al., 2023) 

Results and Discussion 
Results 

The results of this study revealed a significant increase in histamine levels in mackerel 
samples stored at 30C over time. The initial histamine level in the control sample was 2.316 µg/g. 
After 120 hours of storage at 30C, the histamine level increased significantly to 186.432 µg/g. This 
substantial increase in histamine levels at elevated temperatures highlights the importance of proper 
storage conditions to prevent the accumulation of histamine in seafood.  
 

 
Figure 1. The histamine concentration of samples at various time of storage and storage 

temperatures 
 
Table 1: Microbiological analysis  
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(hour) 

Total plate count 
(LogCFU/g) 
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From Table 1, the total plate count of fresh mackerel stored at 4C was 4.44 LogCFU/g at the 

start of the experiment and 1.7 ´ 10⁴ CFU/g after 24 hours. The total plate count of fresh mackerel 
stored at 30C was too numerous to count (TNTC) after 72 hours. 
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The blockchain system effectively recorded and tracked the histamine levels in mackerel 
samples, providing real-time data for risk assessment. This system enabled timely identification of 
potential hazards and facilitated prompt interventions to mitigate the risk of scombroid poisoning. 

 
The key elements of blockchain used in this study: 
• Decentralization: Blockchain technology allows for a decentralized record-keeping system, 

meaning that data is not stored in a single location. This makes it difficult for unauthorized individuals 
to alter the data, which improves trust and accountability. 

• Immutability: Once a transaction is recorded on the blockchain, it cannot be altered or 
deleted. This ensures the integrity of the data and provides a reliable source of information. 

• Transparency:  Blockchain allows for transparent data sharing, meaning that all participants 
in the supply chain can access and track the history of the seafood product. 

• Traceability: By using blockchain, the origin and journey of the seafood can be tracked 
throughout the supply chain, allowing for immediate identification of any potential issues or 
contamination. 

The research focused on tracking histamine levels in mackerel. They used blockchain to 
record and track these levels, providing real-time data for risk assessment and enabling timely 
interventions to prevent foodborne illnesses.  

This approach enhances transparency, accountability, and consumer trust in the seafood 
industry, ultimately improving food safety and quality. ((Iles, 2007)) 

 
 
 
 
 
 
 
 
 
 
 
Figure 2 The schematic diagram of elements of block chain technology use in this study 
 
From Figure 2, The success concept model for this research is to utilize blockchain technology 

to enhance food safety and traceability in the seafood industry, specifically focusing on histamine 
levels in mackerel. By implementing a blockchain-based system, the research aims to achieve the 
following: 

• Enhance food safety: The blockchain system will allow for real-time monitoring of 
histamine levels in mackerel throughout the supply chain. This will enable timely interventions to 
prevent foodborne illnesses and ensure the safety of consumers. 

• Improve traceability: The blockchain system will create a transparent and immutable record 
of the origin, handling, and storage conditions of mackerel. This will allow consumers to track the 
source of their seafood and ensure its quality. 

• Increase consumer trust:  The blockchain system will increase consumer trust in the seafood 
industry by providing a transparent and reliable system for tracking food safety and traceability.  

• Foster collaboration: The blockchain system can be used to facilitate collaboration between 
stakeholders in the seafood supply chain, such as producers, processors, distributors, and retailers. 
This will help to improve communication and coordination, leading to a more efficient and effective 
food safety system. 

The success of this model will depend on the following factors: 
• Adoption by industry: The blockchain system must be adopted by key players in the seafood 

industry, such as producers, processors, and retailers. 

Risk hazard 
assessment 

Blockchain 
technology 

 

The risk parameters of histamine 
in mackerel 

-Storage time 
-Storage temperature 

The platform incorporates key features of 
Blockchain technology, including: 

• Decentralized ledger: All data is recorded on 
a distributed network, ensuring its 

immutability and eliminating the risk of 
tampering. 

• Smart contracts: Automated agreements are 
deployed on the Blockchain to facilitate 

transparent and automated processes, such 
as product tracking, inspection, and 
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• Technical feasibility: The blockchain system must be technically feasible and scalable to 
meet the needs of the seafood industry. 

• Consumer acceptance: Consumers must be willing to adopt the blockchain system and trust 
the information provided. 

If these factors are addressed, the blockchain technology for risk hazard assessment in seafood 
has the potential to significantly improve food safety, traceability, and consumer trust in the seafood 
industry. (Thompson & Rust, 2023) 
 
Discussion 

The findings of this study demonstrate the effectiveness of blockchain technology in 
enhancing food safety and traceability in the seafood industry. The decentralized and immutable 
nature of blockchain ensures data integrity and transparency throughout the supply chain. The real-
time data generated by the blockchain system allows for timely identification of potential hazards, 
enabling prompt interventions to prevent foodborne illnesses. This study highlights the potential of 
blockchain technology to revolutionize food safety practices in the seafood industry. 

 
The results of this study also demonstrate the importance of proper storage conditions in 

controlling histamine levels in seafood. Storing mackerel samples at 30C resulted in a significant 
increase in histamine levels over time, highlighting the importance of maintaining appropriate 
temperatures to prevent spoilage and ensure food safety.  

 
Future research should investigate the effectiveness of blockchain technology in a larger-scale 

setting and explore its integration with other food safety interventions, such as improved sanitation 
practices and more effective quality control measures. This research lays the foundation for the 
development of innovative and robust food safety protocols that leverage the benefits of blockchain 
technology and contribute to the safety and security of the global seafood industry. 

Conclusion 
Refrigeration (4°C) significantly reduced the total plate count of fresh mackerel, 

demonstrating its effectiveness in preserving the quality of the fish. This emphasizes the importance 
of maintaining a cold chain for fresh mackerel to minimize microbial spoilage.The findings of this 
study highlight the potential of blockchain technology to enhance food safety and traceability in the 
seafood industry. By implementing a blockchain-based system, we were able to effectively record 
and track histamine levels in mackerel, providing real-time data for risk assessment. This allows for 
the identification of potential hazards early on, enabling timely interventions to prevent foodborne 
illnesses. Leveraging the decentralized and immutable nature of blockchain also enhances 
transparency, accountability, and consumer trust in the seafood industry.  Overall, our research 
suggests that blockchain technology has the potential to significantly improve the safety and quality 
of seafood products for consumers. 
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Abstract: 

Seed residue of Perilla frutescens from oil production contains high in bioactive 
phytochemicals, including luteolin, rosmarinic acid, and apigenin. The residue also still contains a 
variety of biological activities. This study explored the preventive effects and proposed mechanisms 
of perilla seed residue crude extract (PCE) against insulin resistance in rats fed high-fat diet (HFD). 
Male Wistar rats were divided into 4 groups, with 8 rats in each group: normal group, HFD control 
group, and HFD groups with PCE administered at low (100 mg/kg.bw) and high (1,000 mg/kg.bw) 
doses daily for 4 weeks. During 10 weeks of experiment, fasting blood sugar was measured weekly, 
and the oral glucose tolerance test (OGTT) was determined in the last week before sacrifice. Fat pads 
and liver were collected and weighed to calculate relative organ index, and the serum was measured 
for fasting insulin and determined systemic oxidative stress-related molecules, including 
malondialdehyde (MDA) and antioxidant capacity.  The results showed that PCE treatment 
significantly mitigated the weight gain typically induced by HFD, reduced fat pads size, and lowered 
fasting blood sugar levels. Additionally, PCE reduced insulin secretion, leading to the improvement 
of HOMA-IR values significantly compared to normal controls. PCE also reduced oxidative stress 
by increasing antioxidant capacity and reducing the level of MDA. These findings suggested that 
PCE could prevent insulin resistance in rats fed with HFD by its phytochemical properties. Therefore, 
the mechanisms of perilla seed residue as a therapeutic intervention to obesity and insulin resistance 
will be further investigated. 
 
Keywords: Insulin resistance; Oxidative stress; Obesity; Perilla frutescens; Antioxidant  
 
Introduction  

Insulin resistance is a condition in which the body's cells do not respond effectively to insulin. 
Although insulin resistance may initially be a transient condition; however, it may progress to type 2 
diabetes if left untreated  (1). High-fat diet (HFD) consumption is a key factor that contributes to 
obesity and insulin resistance. Obesed adipocytes secrete adipokines, which stimulate macrophages 
that trigger inflammation within the adipose tissue and contribute to the development of insulin 
resistance (2). Therefore, contoling of bodyweight and consumption of healthy foods are one of the 
ways to protect obesity and insulin resistance (3). Importantly, antioxidant and anti-inflammatory 
effects within adipose tissue may reduce the risk of developing insulin resistance. Perilla frutescens 
is a local herb that is rich in nutrients in every parts. The leaves exhibit high concentrations of 
antioxidants and phytochemicals, along with potential anti-inflammatory properties, such as apigenin, 
caffeic acid, catechin, ferulic acid, luteolin, rosmarinic acid, and ursolic acid (4). The seeds are also 
abundant in fatty acids, proteins, carbohydrates, and other phytochemicals similar to those found in 
the leaves. After oil isolation from the seeds, the residual material, still remains high in bioactive 
phytochemicals like luteolin, rosmarinic acid, and apigenin (5). Thomas and colleagues demonstrated 
that this residue possesses beneficial properties that may aid in managing obesity and insulin 
resistance (6). Moreover, this phystochemials in seed residue exhibit anti-inflammation and 
antioxidant properties (5). However, the potential effects of perilla seed residue on obesity-related 
insulin resistance have not been clearly reported. Therefore, this study aims to explore whether seed 
residue can prevent insulin resistance. Specifically, the effects of the extract from perilla seed residue 
crude extract (PCE) on the growth, fat accumulation the alteration of glucose metabolism in rats 
recieved HFD have been determined. 
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Materials and Methods 
Perilla seed residue crude extract preparation 

 Hundred grams of dried perila seed residue was 1:10 extracted by 80% ethanol PCE. Dry 
powder of PCE was suspended in 10% DMSO to form an emulsion, which then was administered to 
experimental rats. 

 
Animal model and treatment 

Animal experiment protocol received ethical approval from the Faculty of Medicine, Chiang 
Mai University (No. 02/2567). Eight-weeks old male Wistar rats were housed and divided for 4 group 
with 8 rats each. Twenty-four of these rats were fed a high-fat diet for 6 weeks to increase bodyweight 
and insulin resistance, while Group 1 (8 rats) was maintained on a normal diet throughout the 
experiment. After the induction phase, the 24 rats were divided into 3 groups (Group 2-4), which 
were continuously fed a HFD. Group 2 served as the HFD control and was fed with 10% of DMSO. 
Groups 3 and 4 received HFD along with low (100 mg/kg.bw) and high (1,000 mg/kg.bw) 
concentrations of PCE, respectively, every day for 4 weeks. 

The rats were weighed weekly, and fasting blood glucose levels at week 0, 1, 3, and 5 before 
PCE administration, and at week 6 to 10 during PCE treatment were measured using a glucose meter. 
A glucose tolerance test was conducted on the last day of the experiment, according to the method of 
Tang et al.(7). At the day before sacrifice, all rats were fasted for 12 hours, blood was collected from 
portal vein. Liver and epididymal fat pads were also collected. 

 
Determination of obesity, glucose homeostasis and oxidative stress 

Fasting blood sugar levels was measured weekly by glucometer (Pharmahof, Taiwan), and on 
the last day, glucose utilization will be assessed by conducting an Oral Glucose Tolerance Test 
(OGTT). Additionally, insulin levels in serum were determined using ELISA kit (Merck Millipore, 
USA) to calculate the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), according 
to the method of Sama et al. (8) and calculate using formula as show in Formula 1. Serum antioxidant 
capacity will be determined using the ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) 
assay (9), while oxidative stress was assessed through the serum level of MDA (malondialdehyde) 
measurement (10). 

 
Formula 1: HOMA-IR calculation 

      HOMA-IR=	HOMA-IR score Fasting insulin serum (ng/ml) x Fasting blood glucose (mg/dl)	
405.1   (1) 

 
Statistical Analysis 

All calculations were done using Microsoft excel and presented as mean ± SD. The statistical 
analysis for significant differences between all data was analyzed using Prism version 9.5 (GraphPad 
Software, Canada) with one-way ANOVA and Bonferroni which applied at p≤0.05 level 
 
Results and Discussion 
Effect of PCE on body weight, fasting blood sugar and insulin 
 The results showed that HFD-fed rat (531 ± 30 g) had significantly increased body weight 
compared to the normal control group (486 ± 37 g) at week 10, when fed both 100 and 1,000 
mg/kg.bw of PCE extract, rats resisted weight gain (470 ± 20 and 468 ± 42 g, respectively) compared 
to rat fed HFD alone as show in Figure 1. Specifically, the HFD group demonstrated markedly 
elevated fasting blood sugar levels (116±5 mg/dl) as well as insulin levels (4.9±2 ng/ml) when 
compared to the normal group (normal fasting blood 103±5 mg/dl and insulin 3.6±1 ng/ml). The 
results are in accordance with the research of Liu et al. (11). This suggested that rats fed HFD for 4 
weeks or more developed impairments in glucose tolerance and increase weight gain more than 
normal diet rats. Feeding rats with PCE at 100 and 1,000 mg/kg.bw significantly reduced fasting 
blood sugar (100±7 and 100±2 mg/dl, respectively) and insulin (3.1±0.8 and 3.4±0.9 ng/ml, 
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respectively) when compared to rat fed HFD alone as show in Figure 2 (A and B). Moreover, HFD 
control rats had significantly higher HOMA-IR values (1.4±0.6) compared to the normal control 
group (0.8±0.3). However, the PCE extract at doses of 100 and 1,000 mg/kg.bw significantly reduced 
HOMA-IR values (0.7±0.2 and 0.8±0.2, respectively) compared to the HFD control group as show 
in Figure 2 (C). These results indicated that PCE prevent the increasing in body weight from HFD 
induce that might led to reduce insulin resistance. 
 

 
Figure 1. Effect of PCE on body weight. Results were presented as mean ± standard deviation (n = 
8 each group). *p<0.05, **p<0.01, ***p <0.001 
 
 

 
Figure 2. Effect of PCE on (A) serum fasting blood sugar, (B) fasting insulin and (C) calculated 
HOMA-IR value. Results were presented as mean ± standard deviation (n = 8 each group). *p<0.05, 
**p<0.01, ***p <0.001 
 
 
Effect of PCE on improve glucose utilization by OGTT  
 The results from OGTT curves were calculated for area under curve (AUC) and presented in 
Figure 3.  Rats received HFD showed similar in rising phase at 60 min, but the AUC was higher 
when compared to normal rats. The AUC in the group received HFD with PCE 100 and 1,000 
mg/kg.bw groups showed a downward trend of AUC compared to the HFD control group (Figure 
3B). These results indicate that PCE reduced fasting blood glucose (FBG) levels and improved 
glucose tolerance in HFD treated rats. Therefore, rats received HFD exhibited mild insulin resistance. 
It might be related to the increasing of visceral fats and the inflammation. 
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Figure 3. Effect of PCE on glucose utilization presented by (A) oral glucose tolerance curved 
(OGTT) and (B) calculated area under OGTT curve (AUC). Results were presented as mean ± 
standard deviation (n = 8 each group). *p<0.05, **p<0.01, ***p <0.001 
  
 
Effect of PCE on relative liver and fat pads weight 
 The relative weight of fat pads demonstrated that rats recieved HFD control group had a 
significantly increased fat pads mass (75±10 g) compared to the normal group (56±9 g). HFD is a 
key factor for increasing body weight and all fat composition in rat body according to an increasing 
of calories from fat. Although PCE treatment at both concentrations tended to reduce this fat mass 
ratio (67±9 and 64±14 g in 100 and 1,000 mg/kg.bw of PCE, respectively), the reduction was not 
statistically significant when compared to the HFD control group. According to one study reported 
that after 6 weeks on an HFD, the epididymal fat pads weight increased by approximately 100%, 
mesenteric fat pads by 90%, and perirenal fat pads by 134% as well as liver (29±1 g) compared to 
control groups fed a normal diet (26±2 g) (12). However, treatment with PCE at both 100 and 1,000 
mg/kg.bw of PCE significantly reduced the liver-to-body mass ratio (26±2 and 26±2 g, respectively) 
compared to the HFD control group as show in Figure 4. These results demonstrated that PCE 
treatment could reduce fat accumulation in adipose tissue and might prevent HFD-induced fat deposit 
in liver. The fat content in liver should be measured, according to a report from Di Majo D et.al. that 
showed HFD substantially increase fat accumulation in the liver of rats, leading to conditions such as 
hepatic steatosis and potentially progressing to more severe liver diseases due to associated oxidative 
stress and inflammation in rats (13).  
 

 
Figure 4. Effect of PCE on relative organ weights of (A) liver and (B) fat pads. Results were presented 
as mean ± standard deviation (n = 8 each group). *p<0.05, **p<0.01, ***p <0.001 
 
 
Effect of PCE on systemic oxidative stress  
 Total antioxidant capacity in rat serum revealed that the HFD control group (93±3 %) had 
lower antioxidant capacity compared to normal rats (100±3 %). This might cause from the increasing 
of oxidative stress which showed in the higher level of MDA (1.4±0.4 μM) compared to normal rats 
(1.1±0.3 μM), according to Pieri, et al. (14). This suggests that HFD can induce oxidative stress that 
showed decreasing antioxidant capacity and increasing lipid peroxidation in rats. However, when 
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PCE was administered at both 100 and 1,000 mg/kg.bw, only the 1,000 mg/kg.bw of PCE (99±4 %) 
significantly increased antioxidant levels compared to the HFD control group. Similarly, the 
administration of both doses of PCE could reduce the level of serum MDA (1.1±0.2 and 1.0±0.2 μM, 
respectively) with related to their antioxidant capacity but significant difference were not observed 
as show in Figure 5. This results were similar to pevious report of Furukawa S et.al. They 
demonstrated that the preventing weight gain and reducing relative fat pad size can significantly 
reduce oxidative stress from production of pro-inflammatory cytokines and improved antioxidant 
enzyme activity in rats fed a HFD (15). 
 
 

 
Figure 5. Effect of PCE on (A) serum antioxidant capacity and (B) MDA level. Results were 
presented as mean ± standard deviation (n = 8 each group). *p<0.05, **p<0.01, ***p <0.001 
 
 
Conclusion 

Perilla seed residue crude extract (PCE) showed the ability to prevent the development of 
early-insulin resistance induced by a high-fat diet. Administration of PCE can improve glucose 
utilization that might cause from the reduction of oxidative stress from hypertrophy of adipose tissue 
in HFD-rats. The underlying mechanism will be further investigated.  
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Abstract: 

There is currently an increasing emphasis on studying the health benefits of important natural 
substances. β-caryophyllene (BCP), a natural bicyclic sesquiterpene and a major component of 
essential oil, exhibits a variety of effects, including anti-inflammatory, anticancer, and antioxidant 
properties. Antioxidants play a crucial role in combating age-related issues, inflammation, and 
oxidative stress. This study investigates the in vitro antioxidant effects of BCP and assesses its 
cytotoxicity on MRC5 and A549 cells. The antioxidant activity of BCP was assessed at 0-5.0 mM 
using the ABTS assay, with vitamin C as a positive control. Cell viability at 0-1000 µM was evaluated 
over 72 hours using the MTT assay for MRC5 and A549 cells. The results indicated that BCP 
significantly increased free radical scavenging at concentrations of 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 
mM compared to the negative control. BCP was found to be safe for MRC5 cells at concentrations of 
1, 5, 10, 25, 50, 100, 250, 500, and 1000 µM, with cell viability reaching up to 95%, indicating non-
toxicity to normal cells. In contrast, BCP decreased the viability of A549 cells; however, cell viability 
remained above 80%. Notably, concentrations of 5 and 250 µM resulted in cell viability of 
approximately 70%, indicating mild toxicity to the cancer cells. In conclusion, BCP demonstrates 
antioxidant properties and exhibits cytotoxicity toward cancer cells without affecting normal cells. 
Future research should investigate the potential pharmacological effects of BCP on cancer cells. 
 
Keyword: β-caryophyllene; Antioxidant; MRC5; A549; Cytotoxicity 
 
Introduction 

BCP is a naturally occurring bicyclic sesquiterpene found in various essential oils, 
particularly in clove oil derived from the stems and flowers of Syzygium aromaticum. It is also 
present in the essential oils of copaiba, hops, cinnamon, black pepper, rosemary, and Cannabis 
sativa (1). The U.S. Food and Drug Administration (FDA) has approved BCP as a food additive, 
taste enhancer, and natural flavoring agent (2, 3).  

BCP demonstrates a variety of pharmacological effects, including anti-inflammatory, 
cytotoxic, antioxidant, antispasmodic, anticancer, antimicrobial, hypolipidemic, and neuroprotective 
properties (4-8). These characteristics underscore its potential for further investigation in the 
treatment of liver cancer. Studies have indicated that related compounds, such as cedrol- a 
sesquiterpene lactone- can inhibit the proliferation of human leukemia and colorectal carcinoma 
cells by reducing oxidative stress and inflammation while promoting apoptosis (4). Additionally, 
BCP has been shown to protect liver cells against fibrosis induced by carbon tetrachloride (5). 
Moreover, BCP significantly diminishes inflammation and modulates the immune response in 
chronic inflammatory conditions (6). 

However, the effects of BCP on lung cancer therapy remain unclear. Therefore, this study 
aims to elucidate the antioxidant effects of BCP as well as its cytotoxicity on normal MRC5 cells 
and the lung adenocarcinoma A549 cell line. 
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Materials and Methods 
Cell Culture and Chemical 

The A549 cell line (lung carcinoma epithelial cells) and the MRC5 cell line (human fetal 
lung fibroblast cells) were obtained from ATCC in the USA. Both cell lines were cultured in 
Dulbecco's Modified Eagle Medium (DMEM), enriched with 10% fetal bovine serum, 1% L-
glutamine, and 1% penicillin (100 units/mL) along with streptomycin (100 mg/mL). The cells were 
incubated at 37 ºC in a 5% CO2 environment, with media changes occurring every 3 to 4 days. BCP 
was sourced from Nacalai Tesque, Inc. in Kyoto, Japan. DMEM, fetal bovine serum, antibiotics 
(streptomycin and penicillin), L-glutamine, and trypsin-EDTA were acquired from Gibco (Waltham, 
MA, USA). Vitamin C, dimethyl sulfoxide (DMSO), 2,2'-azino-bis-3-ethylbenzothiazoline-6-
sulphonic acid (ABTS), and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) 
were obtained from Sigma (St. Louis, MO, USA).  
 
ABTS Free Radical Scavenging Assay 

The antioxidant activity of BCP and vitamin C was evaluated using the ABTS assay. This 
method utilizes the oxidized ABTS radical cation (ABTS•+) to react with antioxidants, resulting in 
the reduction of the ABTS radical and a corresponding color change from blue-green to a lighter hue 
(7). For the assay, a 0.7 mM solution of ABTS•+ was prepared, and 90 µL of this solution was added 
to 96-well plates. BCP was tested at concentrations of 0, 0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 mM (with a 
control consisting of 10 µL of ethanol), while vitamin C was tested at concentrations of 0, 0.0057, 
0.028, 0.057, 0.28, and 0.57 mM (with a control consisting of 10 µL of distilled water). The mixture 
was subsequently incubated in the dark at room temperature on a shaker for 30 minutes. After 
incubation, absorbance was measured at a wavelength of 734 nm using a microplate reader. Each 
experiment was conducted in triplicate. The radical scavenging activity was calculated using the 
following formula: % Scavenging = [(Abs0- Abs1) / Abs1] ×100, where Abs0 represents the 
absorbance of the control and Abs1 denotes the absorbance of the test compound at varying 
concentrations. 

 
Cytotoxicity of BCP by MTT Assay 

The cytotoxicity of BCP was assessed using the MTT assay, which measures cell viability 
and metabolic activity by detecting formazan crystals (purple color) produced from mitochondrial 
activity. The intensity of the formazan color is directly proportional to cell viability (8). A549 and 
MRC5 cells were seed in 96 well-plates at a density 1×104 cell/well and incubated overnight under 
conditions of 37˚C, 5%CO2, and 95% humidity in DMEM medium. Following incubation, the cells 
were treated with 20 µL of BCP at concentrations of 0, 1, 5, 10, 25, 50, 100, 250, 500, and 1000 µM 
for a duration of 72 hours. After this period, MTT solution was added to assess cell viability in the 
BCP-treated cells. A concentration of 0.5 mg/mL of MTT solution was prepared in DMEM without 
serum and incubated for 2 hours. Subsequently, 100 µL of DMSO was added to each well to dissolve 
the formazan crystals. Finally, cell viability was measured by recording the absorbance at 570 nm 
using a microplate reader. Cytotoxicity was calculated using the formula: Cell viability (%) = 
(Abs1×100)/Abs0, where Abs0 represents the absorbance of the control and Abs1 denotes the 
absorbance of the test compound at various concentrations. 
 
Statistical Analysis 

All results are presented as mean ± standard error of the mean (SEM). The data reported are 
based on at least three or four independent experiments. Statistical analysis was performed using 
one-way ANOVA, followed by the Duncan tests, utilizing SPSS version 16.0. A p-value of less than 
0.05 was deemed statistically significant.  
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Results and Discussion 
Determination of antioxidant activity pf BCP by ABTS scavenging assay 

The ABTS scavenging activity of BCP was assessed to evaluate its antioxidant capacity. The 
percentage of ABTS scavenging activity showed a significant increase in relation to the 
concentration of BCP. At a concentration of 5 mM, BCP demonstrated the highest ABTS scavenging 
value at 18.70% (Figure 1A) However, vitamin C, recognized as a standard antioxidant, exhibited 
greater ABTS scavenging activity compared to BCP (Figure 1B). These findings indicate that BCP 
possesses antioxidant activity by scavenging free radicals, with the IC50 value for BCP being higher 
than 5 mM. The antioxidant activity of BCP has been previously documented, with IC50 values from 
the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay and the ferric reducing antioxidant ability (FRAP) 
assay reported as 1.25 ± 0.06 and 3.23 ± 0.07 µM, respectively. The IC50 value of BCP using DPPH 
assay was also noted to be 132 µg/mL at low concentration (5). Additionally, BCP effectively 
enhances scavenging activity against hydroxyl radicals, exhibiting scavenging activities of 53.8% 
and 56.8% at concentrations of 1 µM and 10 µM, respectively. For superoxide anion radical 
scavenging activity, concentrations of 0.1, 1, 5 and 10 µM resulted in activities of 20.1%, 91.5%, 
131.2% and 205.9%, respectively. Furthermore, BCP has been shown to inhibit superoxide anion-
dependent cytochrome c release and reduce lipoxygenase-dependent oxidation of linoleic acid, 
supporting its role as a potent antioxidant (5). These findings are consistent with the results of this 
study, further confirming that BCP possesses antioxidant properties. The evaluation of BCP's 
antioxidant capacity using ABTS assays highlights its potential therapeutic applications in 
combating oxidative stress-related conditions. Overall, the evidence suggests that BCP could be a 
valuable compound for developing antioxidant therapies.  
 

 
 
Figure 1. ABTS scavenging activity of BCP, with vitamin C serving as a positive control. (A) ABTS 
scavenging of BCP. (B) ABTS scavenging of vitamin C The mean values are shown, and the error 
bars represent the standard error of the mean (n = 3). *p < 0.05 when compared to the 0 µg/mL 
group.  
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Cytotoxicity of BCP by MTT assay 
This study examines the in vitro cytotoxicity of BCP in MRC5 and A549 cells. Evaluating 

the toxicity of natural product extracts or bioactive compounds is essential, particularly regarding 
their potential use in human health. Such assessments raise important safety considerations in the 
development of new drugs or nutraceuticals (9, 10). The cytotoxicity results demonstrated the 
percentage of cell viability in both MRC5 and A549 cell lines following treatment with various 
concentrations of BCP (0, 1, 5, 10, 25, 50, 100, 250, 500, and 1000 µM; with 0 µM serving as the 
negative control containing only media). MRC5 cells, which are normal lung fibroblasts, maintained 
up to 95% viability across all BCP concentrations, suggesting that BCP is non-toxic to these cells 
(Figure 2A). In contrast, A549 lung cancer cells exhibited a lower viability of 85% at concentrations 
of 1, 10, 25, 50, 100, 500, and 1000 µM. Additionally, at concentrations of 5 and 250 µM, cell 
viability decreased to approximately 70%, indicating mild toxicity (Figure 2B). However, the 
cytotoxicity of BCP against other lung cancer cell lines should be further confirmed. This study 
suggests that while BCP can reduce the proliferation of lung cancer cells, it does so without being 
overtly harmful at lower doses. BCP has garnered attention for its potential cytotoxic effects on 
various cancer cells, including lung cancer and hepatocellular carcinoma (2,15). Moreover, BCP has 
been found to enhance the efficacy of traditional chemotherapeutic agents such as cisplatin. When 
combined with cisplatin, BCP not only improved the anti-tumor activity of the chemotherapy but 
also reduced the effective dose required for cytotoxicity (15). In normal cells, BCP has been shown 
to protect CFSC-2G hepatic stellate cells from oxidative stress, where cell survival decreased to 
93.3% without treatment. However, when these cells were exposed to BCP at concentrations of 1 
and 10 µM, survival rates increased to 98.8% and 99.3%, respectively, indicating a significant 
protective effect against oxidative damage (10). This suggests that BCP can be safely used without 
adversely affecting cell viability in normal cells, which aligns with our study's findings. Overall, 
BCP demonstrates promising cytotoxicity against lung cancer cells while exhibiting minimal 
toxicity to normal cells at moderate doses. 
 
Conclusion and Suggestion 

The study revealed that BCP exhibits antioxidant activity by promoting free radical 
scavenging. Additionally, the findings suggest that BCP demonstrates promising cytotoxicity against 
lung cancer cells while exhibiting minimal toxicity to normal cells at moderate doses. Future 
research should focus on examining the additional effects of BCP, including its molecular 
mechanisms of action and its effectiveness in various biological models. Furthermore, investigating 
the potential applications of BCP in the development of therapeutic products, nutraceuticals, or 
functional foods could provide important insights into its health benefits for humans. 
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Figure 2. Cytotoxicity of BCP in MRC5 and A549 cells. (A) MRC5 cell line and (B) A549 cell line. 
The cells were treated with BCP at concentrations of 0, 1, 5, 10, 25, 50, 100, 250, 500, and 1000 µM 
for 72 hours. Cell viability was evaluated using the MTT assay. The results are expressed as mean ± 
SEM from four independent experiments. *p < 0.05 compared to the untreated control group.  
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Abstract: 
Sangyod Rice (Oryza sativa L.) is a staple crop in Asia and is recognized for its significance as 

a primary global food source. Previous research has identified various bioactive compounds in 
Sangyod Rice, including phenolic compounds, flavonoids, gamma-aminobutyric acid, oryzanol, and 
anthocyanins, which exhibit various pharmacological effects, such as antioxidant, antimicrobial, 
antifungal, antidiabetic, cancer chemoprotective, and hypolipidemic activities. This study 
investigates the antioxidant capabilities of Sangyod Rice Extract (SRE) and Sangyod Rice Bran 
Hydrolysate (SRB-H), as well as their cytotoxic effects on HaCaT human epidermal keratinocytes. 
We employed the DPPH assay, ABTS assay, and MTT assay for these evaluations. Our findings 
reveal that SRE significantly enhances both DPPH and ABTS scavenging activities in a dose-
dependent manner at concentrations of 0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL. Cytotoxicity 
assessments indicated that SRE concentrations ranging from 0-1000 µg/mL did not adversely affect 
the viability of HaCaT cells. In the DPPH assay for SRB-H, concentrations of 0, 0.1, 0.25, 0.5, and 
0.75 mg/mL demonstrated antioxidant properties in a dose-dependent manner. However, higher 
concentrations (1 and 1.5 mg/mL) did not exhibit these effects, possibly due to interference from 
color changes in the method used. The ABTS assay confirmed that all tested concentrations of SRB-
H enhanced antioxidant defense in a dose-dependent fashion. Cell viability results showed that SRB-
H at concentrations of 10, and 50 µg/mL was non-toxic to HaCaT cells. However, doses of 100, 250, 
500, and 1000 µg/mL significantly reduced cell viability, indicating ongoing cell injury leading to 
cell death. Therefore, future experiments should utilize safer concentrations to further explore the 
potential effects and mechanisms of action of SRE and SRB-H on HaCaT cells. 

 
Keywords: Sangyod rice; Rice bran; Skin cells; HaCaT; Antioxidant  
 
Introduction  

Rice is an essential staple food worldwide, supporting a significant portion of the global 
population (1,2). Among the many rice varieties, Sangyod rice (Oryza sativa L.) is a distinctive type 
cultivated in southern Thailand, renowned for its unique red hue. This variety is primarily grown in 
the Songkhla Lake basin, which encompasses the provinces of Phatthalung, Nakhon Si Thammarat, 
and Songkhla (3,4). Sangyod rice is rich in essential nutrients, including carbohydrates, proteins, 
amino acids, and vitamins B1 and B2, which contribute to human health and development (5,6). 
Previous research has identified that Sangyod rice contains various bioactive compounds, including 
flavonoids, phenolics, gamma-aminobutyric acid, oryzanol, alkaloids, and glycosides. These 
compounds are linked to several pharmacological benefits, such as antioxidant properties, antifungal 
and antibacterial activities, and effects on insulin resistance (5,7,8). Additionally, our previous studies 
reported that the ethanolic extract from Sangyod rice has anti-obesity effects and reduces hepatic 
steatosis in diabetic rats (4,5). 

Additionally, the rice milling process produces a significant amount of by-products, including 
husk, rice bran, and rice germ (3). Rice bran, which comprises the outer layers of the grain removed 
during milling, has historically been overlooked and primarily used as animal feed. However, recent 
studies have highlighted its untapped potential, demonstrating its value across various industries 
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(3,9). Our previous research indicated that Sangyod rice bran is rich in high-quality protein and 
essential amino acids, as well as a variety of flavonoids and phenolic compounds (3).  

Despite their potential, the beneficial nutraceutical properties of Sangyod rice extract and 
hydrolysates derived from Sangyod rice bran are still largely unexplored and not well understood. 
Consequently, this study aims to investigate the antioxidant activity present in Sangyod rice extract 
(SRE) and Sangyod rice bran hydrolysate (SRB-H), as well as to evaluate their cytotoxic effects on 
HaCaT human epidermal keratinocytes. 

 
Materials and Methods 
Cell Culture and Extract 

The HaCaT human keratinocyte cell lines (ATCC, USA) were cultured in high-glucose 
Dulbecco's Modified Eagle Medium, supplemented with 10% fetal bovine serum, 1% L-glutamine, 
and 1% penicillin (100 units/mL) and streptomycin (100 μg/mL), collectively referred to as complete 
medium. The cells were incubated in a 5% CO2 atmosphere at 37 ºC, and the media were changed 
every 3 to 4 days. The preparation of SRE and SRB-H was described in our previous report (3,5). 

 
Cell Viability Assay 

The HaCaT cells were seeded at a density of 1.0×104 cells per well in 96-well plates and 
maintained in a complete medium for 24 hours. Subsequently, the cells were incubated with various 
concentrations of SRE (0, 10, 50, 100, 250, 500, and 1000 µg/mL) and SRB-H (0, 10, 50, 100, 250, 
500, and 1000 µg/mL) for 72 hours. Cell cytotoxicity was then assessed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The MTT solution was added 
at a concentration of 500 µg/mL, and the cells were then incubated in a 5% CO2 atmosphere at 37 ºC 
for 2 hours. After incubation, dimethyl sulfoxide was added to solubilize the formazan. The 
absorbance of each well was measured at 570 nm using a microplate reader, and the results were 
expressed as the percentage of cell viability. 

 
Determination of Antioxidant activity 

The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay: The free radical scavenging capability of 
SRE (0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL), SRB-H (0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL), 
and vitamin C (0, 1, 5, 10, 50, and 100 µg/mL) were evaluated using the DPPH assay. The samples 
were mixed with 0.1 mM DPPH and incubated in the dark at room temperature for 30 minutes. The 
reduction of DPPH resulted in a color change from purple-pink to yellow. The absorbance of the 
DPPH radical reduction was measured at 517 nm using a microplate reader to assess scavenging 
activity. The percentage of inhibition was then calculated using the appropriate equation. 

 
Radical Scavenging activity (%) = [Absblank - (Abssample - Abscontrol)/Absblank]×100 
 
The 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay: The free radical 

scavenging ability of SRE (0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL), SRB-H (0, 0.1, 0.25, 0.5, 0.75, 
1, and 1.5 mg/mL), and vitamin C (0, 1, 5, 10, 50, and 100 µg/mL) was assessed using the ABTS 
assay. The samples were mixed with a solution of 0.7 mM ABTS and incubated in the dark at room 
temperature for 30 minutes. The reduction of ABTS resulted in a color change from blue-green to 
clear. The absorbance of the reduced ABTS radical was measured at 734 nm using a microplate reader 
to evaluate scavenging activity, expressed as the percentage of inhibition calculated using the 
appropriate equation. 

 
Radical Scavenging activity (%) = [Absblank - (Abssample - Abscontrol)/Absblank]×100 
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Statistical Analysis 
The data were presented as the mean ± standard error of the mean (SEM). Group differences 

were analyzed using one-way ANOVA, followed by the post-hoc least significant difference (LSD) 
test. Statistical significance was determined with a p-value of less than 0.05. 

 
Results and Discussion 
Impact of SRB-H and SRE on the viability of human keratinocyte epidermal HaCaT cells  

Assessing the toxicity of natural product extracts or bioactive compounds is essential, 
particularly in relation to their potential applications in human health (3). This study is the first to 
evaluate the cytotoxicity of the natural bioactive compounds SRE and SRB-H in HaCaT cells. HaCaT 
cells were treated with various concentrations of SRE (0, 10, 50, 100, 250, 500, and 1000 µg/mL) 
(Figure 1A) and SRB-H (0, 10, 50, 100, 250, 500, and 1000 µg/mL) (Figure 1B) for 72 hours. The 
results indicated that SRE did not significantly affect cell viability at any concentration (103.44 ± 
3.25, 99.60 ± 4.19, 97.60 ± 3.71, 94.72 ± 3.77, 91.91 ± 3.81, and 91.86 ± 5.48), suggesting that it is 
non-toxic to HaCaT cells (Figure 1A). In contrast, SRB-H exhibited negligible effects on HaCaT cells 
at doses of 10, 50, and 100 µg/mL (102.84 ± 4.06, 85.86 ± 1.84, and 75.69 ± 1.80), but demonstrated 
mild toxicity at concentrations of 250, 500, and 1000 µg/mL (63.31 ± 1.57, 61.63 ± 2.67, and 55.96 
± 2.63) (Figure 1B). Consistent with previous study by Woonnoi et al. (4), which reported that 
concentrations of SRE ranging from 1 to 1000 µg/mL had no observable effects on the cell viability 
of preadipocyte 3T3-L1 cells. However, after treatment with SRE for 4 days, it was observed that 
SRE at a concentration of 100 µg/mL effectively decreased the cell viability of 3T3-L1 cell lines (4). 
Additionally, it has been reported that SRE affects the cell viability of an insulin-resistant HepG2 cell 
model, revealing that SRE at concentrations of 50 and 100 µg/mL did not impact cell viability (5). 
This finding is in linet with the results of our study. Figure 1A indicates that SRE concentrations 
ranging from 10 to 1000 µg/mL did not significantly reduce the viability of HaCaT cells. For 
hydrolyzed rice bran, Aenglong et al. (3) demonstrated the cytotoxicity of SRB-H at various 
concentrations ranging from 0 to 1000 µg/mL in myoblast C2C12 cells. Their findings showed that 
SRB-H consistently maintained cell viability above 70% across the tested concentration range, which 
aligns with the results of our study. 
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Figure 1. Cytotoxicity of SRE and SRB-H in HaCaT human epidermal keratinocytes. HaCaT cells 
were treated with (A) SRE (0, 10, 50, 100, 250, 500, and 1000 µg/mL) and (B) SRB-H (0, 10, 50, 
100, 250, 500, and 1000 µg/mL) for 72 hours. Cell viability was assessed using the MTT method. 
The data are presented as mean ± SEM of four independent experiments. *p<0.05 compared to the 
untreated control group. 
 
In vitro antioxidant activity 

1. DPPH radical-scavenging activity of SRE, and SRB-H 
The DPPH scavenging activity of SRE, SRB-H, and vitamin C was examined to assess their 

antioxidant potential. The results indicated that concentrations of 0.1, 0.25, 0.5, 0.75, 1.0, and 1.5 
mg/mL of SRE significantly enhanced DPPH scavenging activity across all concentrations (Figure 
2A). Similarly, concentrations of 0.1, 0.25, 0.5, and 0.75 mg/mL of SRB-H demonstrated a significant 
increase in radical scavenging activity. However, at concentrations of 1.0 and 1.5 mg/mL, SRB-H 
significantly decreased these properties due to color interference affecting the results. Vitamin C at 
doses of 1, 5, 10, 50, and 100 µg/mL also significantly elevated antioxidant activity across all 
concentrations (Figure 2B). The IC50 value for the DPPH assay of SRE was found to be 7.096 mg/mL, 
while the IC50 for SRB-H could not be calculated. The IC50 for vitamin C was determined to be 10.88 
µg/mL. The findings from our study demonstrate that both SRE and SRB-H exhibit antioxidant 
activity, as measured by the DPPH assay. Additionally, SRE showed a greater radical scavenging 
ability compared to SRB-H. In previous studies on antioxidant activities, SRE displayed significant 
radical scavenging potential, with an IC50 value of 0.16 ± 0.01 mg/mL (7). Furthermore, Aenglong et 
al. (3) demonstrated that SRB-H exhibited high DPPH scavenging activity, effectively decreasing 
DPPH radicals, with its scavenging efficacy depending on the size of the peptides and the type of 
enzyme used. Additionally, Kabploy et al. (6) reported that the IC50 value of SRB-H was 0.61 mg/mL, 
indicating its capability to scavenge free radicals by reducing the concentration of DPPH radicals. 
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Figure 2. The DPPH radical scavenging activity of SRE, SRB-H, and vitamin C. (A) SRE (0, 0.1, 
0.25, 0.5, 0.75, 1.0, and 1.5 mg/mL), and SRB-H (0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL) were 
tested alongside (B) vitamin C (0, 1, 5, 10, 50, and 100 µg/mL) using DPPH assay. The data are 
presented as mean ± SEM of three independent experiments. *p<0.05 compared to the 0 mg/mL. 
 

2. ABTS radical-scavenging activity of SRE and SRB-H 
The analysis of ABTS scavenging activity in SRE, SRB-H (Figure 3A), and vitamin C (Figure 

3B) was conducted to evaluate their antioxidant properties. The results indicated that concentrations 
of 0.1, 0.25, 0.5, 0.75, 1.0, and 1.5 mg/mL of both SRE and SRB-H significantly increased ABTS 
scavenging activity. Additionally, vitamin C at concentrations of 1, 5, 10, 50, and 100 µg/mL also 
demonstrated a significant increase in radical scavenging activity. The IC50 values for the ABTS assay 
were found to be 5.61 mg/mL for SRE and 4.44 mg/mL for SRB-H, while the IC50 for vitamin C was 
determined to be 4.56 µg/mL. The findings from our study demonstrate that SRE exhibited greater 
radical scavenging ability compared to both SRB-H and vitamin C, consistent with the results from 
the DPPH assay. Previous studies assessing the antioxidant capacity of SRB-H indicated that it 
displayed ABTS scavenging properties across all treatment conditions (3). Consequently, our study 
reinforces the antioxidant activity of both SRE and SRB-H. 
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Figure 3. ABTS radical scavenging activity of SRE, SRB-H, and vitamin C. (A) SRE (0, 0.1, 0.25, 
0.5, 0.75, 1, and 1.5 mg/mL), and SRB-H (0, 0.1, 0.25, 0.5, 0.75, 1, and 1.5 mg/mL) were tested 
alongside (B) vitamin C (0, 1, 5, 10, 50, and 100 µg/mL) were analyzed using ABTS assay. The data 
are presented as mean ± SEM of three independent experiments. *p<0.05 compared to the 0 mg/mL 
group. 
 
 
Conclusion 

In conclusion, these findings indicate that SRE and SRB-H effectively enhance antioxidant 
activity and are safe for skin cells. However, the antioxidant properties of both SRE and SRB-H 
should be confirmed in a cell culture model. Future experiments should focus on investigating the 
specific mechanisms through which SRE and SRB-H exert their antioxidant effects. Additionally, 
conducting in vitro studies will be essential to evaluate their potential therapeutic applications in 
treating various skin conditions. 
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Abstract: 
Artocarpus lakoocha Roxb. (AL), a plant of Thai, is commonly known as Ma-Haad. AL is 

rich in stilbenoids, particularly oxyresveratrol. Previous studies have explored its potential anti-
cancer properties. However, the role of AL in exhibiting anti-cancer properties has not been 
elucidated in non-small cell lung cancer cells, especially in the aspect of molecular signaling 
pathways and mechanisms of action. Here, we investigated the molecular mechanisms underlying the 
anti-cancer activities of AL extract in non-small cell lung cancer cells. We demonstrated that AL 
extract inhibited \ and migration of lung cancer cells in a dose-dependent manner. Specifically, 
western blot analysis showed that AL extract inhibited the survival and migration of A549, human 
lung cancer, cells and suppressed AKT activation through reducing phosphorylation of AKT. These 
events resulted in reduction in lung cancer cell viability, proliferation, and migration. These findings 
suggest that AL extract exhibits its anti-cancer activities, in part through suppressing the activation 
of the AKT kinase. Therefore, AL may be a promising candidate for the development of therapeutic 
strategies against lung cancer. 

 
Keywords: Artocarpus lakoocha; Lung cancer; AKT activation; Anti-cancer; Oxyresveratrol 
 
Introduction 

Worldwide, despite recent advance in lung cancer treatment, including chemotherapy, 
surgery, targeted therapies, and radiation therapy, non-small cell lung cancer (NSCLC) is the most 
common type of lung cancer that is the primary reason of cancer-related death. According to previous 
study, NSCLC accounts up to 80% of incidence of all lung cancers, including large cell carcinoma 
(LCC), squamous cell carcinoma (SCC), and adenocarcinoma (ADC) (1). Most patients with NSCLC 
are diagnosed at an advanced stage, where treatment is often less effective, and survival rates are 
poor. NSCLC can be caused by several factors, such as smoking, second-hand smoke, genetic 
changes and family history as well as carcinogenic chemicals and heavy metals, such as asbestos, 
radon gas, arsenic (2). The most commonly studied factors are related to genetic mutations such as 
mutations in the KRAS, EGFR, and ALK genes. These mutations are strongly linked to the AKT 
pathway, which is important for controlling survival and migration (3, 4). Abnormal activation of the 
AKT pathway is linked to poor patient outcomes. Therefore, targeting the AKT pathway has become 
a promising approach for developing new cancer treatments. 
 The primary active compound in Artocarpus lakoocha Roxb. (AL), commonly referred to as 
Ma-haad, is rich in stilbenoids, particularly oxyresveratrol (trans-2,3′,4,5′-tetrahydroxystilbene). This 
polyphenolic stilbene is predominantly present in the heartwood of the plant. Additionally, it 
possesses various pharmacological activities, including anti-inflammatory properties, anti-bacterial, 
anti-viral, anti-oxidant, and anti-cancer activity (5-8). Previous study have shown that AL extract has 
anti-inflammatory effects primarily by inhibiting the NF-κB and PI3K/AKT signaling pathways (8). 
Specifically, AL extract nearly completely suppresses LPS-induced AKT phosphorylation in RAW 
264.7 cells (8), inhibits the phosphorylation of AKT and GSK-3β, reduces the expression of the anti-
apoptotic protein MCL-1, decreases the migration, and reduces proliferation of cervical cancer cells 
(7). However, the effects of AL extract on the AKT signaling pathway, as well as its roles on cell 
migration and survival in human lung cancer cells through the suppressing of AKT activation, have 
not yet been fully explored. Therefore, the present study aimed to investigate the potential inhibitory 
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action of AL extract on the activation status of the AKT signal transduction pathways in lung cancer 
cells.    
 
Materials and Methods 
Plant Material with AL Heartwood Extraction 

AL heartwood was purchased from Thai Lanna Herbal Industry Company Ltd., located in 
Chiang Mai, Thailand, and authenticated by comparison with a reference specimen (voucher number 
006973) preserved in the herbarium of the Faculty of Pharmacy, Chiang Mai University. Crude 
extraction of AL followed a previously established protocol (9), where the heartwood was dried at 50 
°C for 24 hours, ground into powder, and macerated three times in 95% ethanol for six hours each. 
The collected ethanolic extracts were concentrated under reduced pressure at temperatures below 45 
°C using a rotary evaporator and then stored in a container protected from air and light. A 1 g/mL 
stock solution was prepared by dissolving 1 g of AL in 1 mL of DMSO, and pre-dilutions were done 
in the medium for each experiment. 

 
Cell Culture 

The human A549 cell line [ATCC® CCL-185 ™] was used in this study.  The cells were 
maintained in complete medium, which was Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, 
USA), with the addition of 10% fetal bovine serum (Merck KGaA, Germany), and antibiotics (100 
U/mL penicillin and 100 μg/mL streptomycin) (Gibco, USA) and cultured in an incubator at 37°C, 
with a humid and 5% CO2 atmosphere. Media were changed every 2–3 days, and cells were sub-
cultured when the cells reached approximately 90% confluence. 

 
Cell Viability Assay and Cell Counting 

The cell viability of A549 cells treated with AL extract (with extraction process and 
identification previously reported (9)) was assessed in this instance using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT). In 96-well plates (Thermo Fisher Scientific, USA), we 
seeded A549 cells at 1 × 104 cells per well in complete media overnight. Next day, AL extract was 
diluted in the media to a working concentration of 500 μg/mL, then the concentration was further 
diluted by 2-fold dilution to create a concentration range of 1.95–500 μg/mL. The cells were treated 
with these varied concentrations of AL extract for 24 and 48 h in the media. Since the stock AL 
extract was prepared in DMSO, thus DMSO was used as a negative control. The method for DMSO 
dilution was similar to that of AL extract. After 24 and 48 h of AL extract exposure, MTT reagent 
(stock 5 mg/mL) was added to each well (25 µL per well), and cells were incubated in a CO2 incubator 
for 1 h for formazan formation. After media were aspirated, formazan was dissolved with 100% 
DMSO (50 µL per well). The difference in color intensity was determined by a microplate reader set 
at 570 nm. Measurement of cell number was performed at 24 and 48 h post-treatment. For counting 
cells, the treatment media were discarded, and cells were fixed with 4% paraformaldehyde for 15 
min. Then, the nuclei of individual cells were stained with 1 µg/mL of DAPI (4′,6-diamidino-2-
phenylindole) for 30 min. Cells were counted and quantified (number of cells per well) by using 
BioTek Lionheart FX automated microscope with Gen5 imaging software version 3.12.08. (Agilent 
Technologies, Inc., CA, USA). 

 
Scratch Wound Migration Assay 
 A549 cells (2.35 × 104 cells) were seeded in 96-well plates and cultured in complete DMEM 
until they reached 100% confluency. The cell monolayer was scratched to create equal and even 
scratch wound by using BioTek AutoScratch (Agilent Technologies, Inc.). Then, treatment was done 
by adding complete media containing AL extract at varied concentrations. Visualization of lung 
cancer cell migration of wound closure at 0, 6, 12, 18, 24, 36, and 42 h was performed by BioTek 
Lionheart FX automated microscope with Gen5 imaging software version 3.12.08 and Scratch Assay 
App version 1.03 (Agilent Technologies, Inc.). 
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Western Blot Analysis 
 A549 cells lysates were prepared by adding 1x reducing Laemmli’s buffer into the sample 
dishes. Samples were collected and heated at 100°C for 5 min and then separated in a 10% gel by 
SDS–PAGE and electroblotted onto PVDF membrane. The membranes were blocked with 5% bovine 
serum albumin (BSA) dissolved in TBST for 1 h. Membranes were then incubated with primary 
antibodies at 4°C overnight. After 3 washes with TBST, membranes were incubated with secondary 
antibodies for 2 h at room temperature. The western blot protein bands were visualized and quantified 
using the Odyssey® CLx Imaging System (LI−COR Biosciences, USA). 
 
Data Analysis and Statistical Methods 
 Data were expressed as mean ± SD and analyzed by one-way ANOVA with Tukey’s post hoc 
multiple comparisons test. A p-value < 0.05 was considered significant. 
 
Results and Discussion 
Effect of AL extract on lung cancer cells viability  

Artocarpus lakoocha Roxb (AL), known as Ma-haad, is rich in oxyresveratrol and exhibits 
various pharmacological activities, including anti-inflammatory, anti-bacterial, anti-viral, anti-
oxidant, and anti-cancer (5-8). This study focused on the anti-cancer of AL extract in NSCLC, 
particularly through its effect on the AKT signaling pathway. 

To determine the effects of AL extract on cell viability, A549 cell line was treated with AL 
extract, and the cell viability was determined using MTT assay. AL at concentrations ranging from 
1.95–500 μg/mL for 24 and 48 h. The toxicity of AL was observed when its concentration was greater 
than 31.25 μg/mL, with the cytotoxic concentration 50% (CC50) calculated to be 31.30 μg/mL at 24 
h (Figure 1.A), and greater than 3.91 μg/mL, with the CC50 calculated to be 31.20 μg/mL at 48 h 
(Figure 1.B), comparison to the untreated control group. However, the AL extract at concentrations 
below 31.25 μg/mL did not affect lung cancer cell viability at 24 h. Therefore, non-toxic 
concentrations of AL extract at 3.75, 7.5, and 15 μg/mL were chosen for protein analysis using 
western blotting. 

 

 
Figure 1. Effect of AL extract on A549 cells viability. Cell viability test (MTT assay) in cells treated 
with AL extract at 0–500 μg/mL for 48 h. Data are presented as mean ± SD. *p < 0.05 in comparison 
to the DMSO (vehicle) control. 
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Effect of AL extract on the proliferation of lung cancer cells 
In addition to its role in cell survival, AKT signaling also influences cell survival. We 

hypothesized that AL extract may inhibit cell proliferation, thus we stained the nucleus of cells with 
DAPI, a DNA-staining dye, and performed a direct cell counting at day 1 (24 h) and day 2 (48 h) after 
treated with AL extract. Results showed that direct cell counting confirmed that AL extract at 15.63-
500 μg/mL significantly decreased number of cells at day 1 (Figure 2.A) while treatment with AL 
extract at 7.81-500 μg/mL significantly decreased number of cells at day 2. (Figure 2.B). Therefore, 
a concentration of 3.75-60 μg/mL was chosen to confirm the cell migration by scratch wound healing 
assay. 

 

 
Figure 2. Effect of AL extract on the proliferation of A549 cells. Direct counting for number of cells 
treated with 0–500 μg/mL of AL extract for day 1 (24 h) and day 2 (48 h). Data are presented as mean 
± SD. *p < 0.05 in comparison to the DMSO control. 
 
 
Effect of AL extract on suppressing AKT activation in EGF-induced lung cancer cells 

We further investigated the ability of AL extract at 15 μg/mL in inhibiting phosphorylation of 
AKT (Ser473) at various time points over the course of 2 h after EGF stimulation. The results 
demonstrated that AL extract almost reduced EGF-induced phosphorylation of AKT in A549 cells at 
all time points, while the phosphorylation of ERK1/2 remained unaffected (Figure 3.A–C). 
Furthermore, pre-treatment cells with AL extract at concentrations of 3.75, 7.5, and 15 μg/mL for 3 
h before EGF stimulation for 0, 15, and 30 min was able to inhibit phosphorylation of AKT (Figure 
3.D–E). This inhibitory effect was also observed in cells pretreated with AL extract at the same 
concentrations for 3 h before EGF stimulation for 0, 60, and 120 min (Figure 3.F–G), and the 
inhibition of AKT phosphorylation was observed to be in a concentration-dependent manner.  
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Figure 3. (A) Western blot analysis for the inhibitory effects of AL extract on the phosphorylation of 
AKT and ERK1/2 upon different treatments (DMSO, AL extract 15 μg/mL) for 3 h before stimulation 
with EGF (100 ng/mL) for various time points (0, 5, 15, 30, 60, 120 min), total AKT and total ERK1/2 
was detected and used as an internal control; (B) quantitative analysis for AKT phosphorylation at 
Ser473; (C) quantitative analysis for ERK1/2 phosphorylation; (D) the inhibitory effects of AL extract 
on the phosphorylation of AKT after cells were incubated with various concentrations of AL extract 
(3.75, 7.5, and 15 μg/mL) for 3 h before stimulation with EGF (100 ng/mL) for various time points 
(0, 15, 30 min), total AKT was detected and used as an internal control; (E) quantitative analysis for 
AKT phosphorylation at Ser473; (F) the inhibitory effects of AL extract on the phosphorylation of 
AKT after cells were incubated with various concentrations of AL extract (3.75, 7.5, and 15 μg/mL) 
for 3 h before stimulation with EGF (100 ng/mL) for various time points (0, 60, 120 min), total AKT 
was detected and used as an internal control; (G) quantitative analysis for AKT phosphorylation at 
Ser473. Data are representatives of three replicates and shown as mean ± SD; * p < 0.05 compared 
to DMSO-treated cells. 
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Our results indicate that AL extract reduces AKT phosphorylation. which is the main regulator 
of cell survival, growth proliferation and migration in NSCLC. This inhibition was observed to be 
concentration dependent. This suggests the potential of AL extract in interfering the physiology of 
NSCLC. Consistently, previous study have shown that AL extract specifically inhibits AKT signaling 
without affecting pERK1/2 in RAW 264.7 macrophage cells (8) and cervical cancer cells (7). 
However, the effects of AL extract on the inhibition of the GSK-3β/MCL-1 axis in A549 cells have 
not yet been investigated. GSK-3β is a constitutively active kinase associated with several diseases, 
including Alzheimer’s, depression, and neuroinflammation (10). Notably, GSK-3β destabilizes and 
reduces MCL-1 expression, an important anti-apoptotic protein, which can lead to cell death. 
Additionally, activated AKT can phosphorylate GSK-3β, inhibiting its function and restoring MCL-
1 levels (11). Therefore, this is a key target protein that we aim to investigate in future research. 

 
Effect of AL extract on lung cancer cell migration 

To elucidate the effect of AL extract on lung cancer cell migration, we used a scratch wound 
healing assay to observe and quantify the rate of wound closure over 42 h. As shown in Figure 4.A 
and Figure 4.B, the scratch wound of the cells exposed to AL extract at 15 μg/mL exhibited an 
increased trend of wound closure acceleration. As expected, treatment with AL extract at 30 and 60 
μg/mL significantly suppressed cancer cell migration over the course of 42 h. These observations 
verified that AL extract can be able to delay the migratory activity of NSCLC. 

 
Figure 4. Effect of AL extract on lung cancer cell migration. (A) Scratch wound healing assay of 
cells treated with DMSO, AL extract at varied concentrations at 0, 6, 12, 18, 24, 36, and 42 h. (B) 
Quantification of wound width indicating the closure of the scratch wound of A549 cells treated with 
DMSO, AL extract at varied concentrations at 0, 6, 12, 18, 24, 36, and 42 h. Data are presented as 
mean ± SD. *p < 0.05 in comparison to the DMSO control. UT; untreated cells 
 
 
Conclusions 

AL extract effectively blocks EGF induced AKT activation of A549, human lung cancer, cell, 
thus suppressing the cell growth and migration. Our findings highlight its potential as a promising 
candidate for further development as a therapeutic agent for lung cancer. 
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Abstract 

Visual colonoscopy is a standard procedure for colorectal cancer screening. However, it 
carries unnecessary operative risks for some patients. Establishing a clinical prediction model to 
identify high-risk patients who genuinely require urgent colonoscopy is crucial. To develop a clinical 
prediction model for identifying patients at high risk of colorectal polyps and benign conditions 
detectable using visual colonoscopy. 

This study employed a screening prediction approach using a retrospective cohort 
observational design. Data were collected in October 2023 at Kumpawapi Hospital and March 2024 
at Wangsammo Hospital, located in the northeastern part of Thailand. The study included all patients 
with a positive fecal immunochemical test. Predictors analyzed included male gender, age, family 
history of colorectal cancer, prior colonoscopy screening, smoking, alcohol use, diabetes mellitus, 
clinical symptoms (e.g., bowel habit change, weight loss, decreased stool caliber), and hematocrit 
level. All patients underwent colonoscopy, during which polyps were endoscopically biopsied and 
sent for histopathological examination. Multivariable multinomial logistic regression was performed 
to analyze the predictors. The predictors were selected based on clinical relevance and face validity. 
Participants were classified into three risk groups based on the highest probability. The accuracy of 
the classification was assessed. 

Among the 953 patients who underwent visual colonoscopy, 66 (23.1%) were found to have 
benign polyps, 128 (44.8%) had non-advanced adenomas, 84 (29.4%) had advanced adenomas, and 
8 (2.8%) had colorectal cancer. Predictor selection was based on clinical significance and face 
validity. The selected predictors included male gender, age >50 years, family history of colorectal 
cancer, alcohol use, and abdominal pain. The accuracy of the model was 43.4%. This study 
demonstrated fair discrimination in identifying higher-risk patients. The clinical prediction rule has 
potential as an advisory tool for individuals considering voluntary colonoscopy and as a prioritization 
tool for patients requiring urgent screening. 
 
Keywords: Clinical prediction rule; Polyp; Screening; Colonoscopy; Colorectal cancer; Advanced 
adenoma 
 
Introduction 
 The current standard for colorectal cancer (CRC) screening is visual colonoscopy, 
recommended for individuals aged 45–85 years, with screening intervals of every 10 years (1–4). 
While effective, colonoscopy requires bowel preparation, is time-intensive, involves significant costs, 
and often causes discomfort for the participants (5–7). Moreover, only a small fraction of screened 
individuals are found to have colorectal cancer (8). Screening the entire average-risk population may 
also be delayed due to resource limitations (9). Various professional societies have proposed different 
screening methods. In Thailand, occasional screening initiatives targeted individuals aged 50–70 
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years using the fecal immunochemical test (FIT) or fecal occult blood test (FOBT), reaching only 
0.08% (114 out of 137,047 individuals) in a Thai CRC program in Health Region 1. Biopsies are 
required to confirm diagnosis, potentially delaying treatment under constrained resources. 

Non-invasive tests like FIT have a positive predictive value (PPV) of 30.6% (10, 11), which 
may not be sufficient to identify colorectal cancer effectively. A significant number of patients remain 
unscreened or undiagnosed. Even among detected cases, only about 3 in 10 benefits from subsequent 
colonoscopy, as FOBT also has a false negative rate of 27.6%, meaning an additional 3 in 10 cases 
that could benefit from colonoscopy might not receive it. Although colonoscopy remains the 
reference standard for screening, FOBT's logistical advantage—such as cost and stool collection 
requirements—may make it less ideal as a preliminary screening tool before colonoscopy. Screening 
questionnaires or predictive models can identify at-risk individuals before initiating invasive 
procedures (12).  

This study aims to identify predictors and develop a scoring system tailored to the Thai 
population. This system will assess the likelihood of detecting colorectal cancer through colonoscopy, 
potentially optimizing resource use and improving screening efficiency in a resource-limited setting. 
 
Materials and methods 

This is a retrospective observational cohort study. The study includes all participants who 
tested positive for the fecal occult blood test (FOBT) as part of the Occasional Surveillance of 
Colorectal Cancer Program, conducted in October 2023 at Kumpawapi Hospital and March 2024 at 
Wangsammo Hospital. 

 
Inclusion Criteria: 

• Patients with a positive fecal occult blood test (FOBT) who agreed to undergo visual 
colonoscopy and successfully completed the preoperative process and bowel preparation. 
 
Exclusion Criteria: 

• Patients diagnosed with colorectal cancer. 
• Patients who did not undergo colonoscopy for screening purposes. 

 
Study size estimation 
Based on the study by Al I Sharara et al. (2020), the risk prediction model demonstrated a C-statistic 
of 0.73. With 15 predictive factors, a colonic lesion prevalence of 37.3%, and a shrinkage factor of 
0.9, this study requires a sample size of 823 patients, including 307 patients with colonic polyps. 
 
Statistical analysis 
 Categorical data were described with frequency and percentage, tested by Fisher's exact 
probability test. Normally distributed continuous data were described with mean and standard 
deviation, tested by independent t-test. Non-normally distributed continuous data were described with 
median and interquartile range, tested by Mann-Whitney U test. In all analyses, statistical 
uncertainties are expressed in 95% two-sided confidence intervals. A p value of < 0.05 will indicate 
statistical significance.  
 
Endpoints 

For the endpoints, we identified various disease entities, categorized into three groups. The 
first group represents a normal colon or negative screening result. The second group includes benign 
conditions such as diverticulitis, internal hemorrhoids, colitis, and colonic or rectal polyps (e.g., 
hyperplastic polyps). The third group encompasses malignant conditions, including non-advanced 
adenoma, advanced adenoma, colonic cancer, and rectal cancer 
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Predictors 
The diagnostic factors for polyps are similar to those for colonic and rectal cancer. These 

include male sex, age (years), family history of colorectal cancer, history of colonoscopy, alcohol 
use, smoking, type 2 diabetes mellitus, fatigue, weight loss, hematochezia, decreased stool caliber, 
bowel habit changes, abdominal pain, abdominal mass, body mass index (BMI, kg/m²), and 
hematocrit (%). 
Patient history, age, body weight, and body height were recorded prior to colonoscopy. Preoperative 
hematocrit levels were also assessed. Age, body weight, body height, and hematocrit levels were 
measured as continuous variables, while all other factors were measured as binary variables. 
 
Model derivation 

The type of regression model was selected based on the distribution of the endpoints. A 
predictive modeling strategy was employed. Statistically driven potential predictors were 
parsimoniously and directly included, with considerations for face validity. The final model was a 
multivariable multinomial logistic regression, which predicted the probabilities of three categories: 
normal, benign condition, and malignant condition. Multivariable relative risk ratios were estimated 
and reported. The ratio of individual probability (observed) to overall probability (expected) was 
calculated, and the category with the highest ratio indicated the patient’s classification. 
 
Model performance 

For the model performance, the model performance is measured using accuracy. 
Underestimate proportion and overestimate proportion were measured.  
 
Ethical consideration 

This protocol was approved by the Ethical Committee of Khumpawapi Hospital (KPEC 
3/2567). Other hospitals participating in this study used the same approval document without 
requiring additional review by their authorized ethics committees. 
 
Results and Discussion 

Of 953 patients who underwent visual colonoscopy, 66 (23.1%) had benign polyps, 128 
(44.8%) had non-advanced adenomas, 84 (29.4%) had advanced adenomas, and 8 (2.8%) had 
colorectal cancer. The prevalence of colorectal cancer in patients positive for FOBT was 2.8%. 
Predictor selection was based on clinical significance and face validity. Significant differences were 
observed in the proportions of males, alcohol use, smoking, and abdominal pain. The mean age and 
body mass index also showed significant differences. Hematocrit showed the highest proportion of 
missing values (4.7%). Following categorization, the proportion of anemia was lower in the malignant 
group. Most of the missing body mass index values were due to missing body height data. A family 
history of colorectal cancer and hematochezia were borderline significant.  
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Figure 1 Study flow diagram 

 
 

Table 1. Multivariable multinomial logistic regression 

Predictor  Malignant Benign 
mRRRa (95% CIb) p-value mRRR (95% CI) p-value 

Male 1.68 (1.18, 2.38) 0.004 1.02 (0.70, 1.50) 0.907 
Age >50 years 1.57 (0.83, 2.98) 0.169 1.29 (0.69, 2.40) 0.427 
Family history of 
colorectal cancer 1.42 (0.81, 2.49) 0.218 1.66 (0.96, 2.87) 0.071 

Alcohol use 1.68 (1.18, 2.38) 0.004 1.39 (0.96, 2.03) 0.083 
Abdominal pain 1.69 (1.09, 2.63) 0.019 1.37 (0.85, 2.22) 0.200 

amRRR; multivariable relative risk ratio, bCI; confidence interval,  
 
 
The overestimation proportion was 38.4% (higher than the expected 33%), while the 

underestimation proportion was 18.1% (lower than the expected 33%). Accuracy increased to 43.5%. 
(Table 2) 
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Table 2. Discrimination between true status and predicted status 

Predicted status True status Total Normal Benign Malignant 
Normal 252 (26.4) 68 (7.1) 62 (6.5) 382 (40.1) 
Benign 111 (11.7) 48 (5.0) 43 (4.5) 202 (21.2) 
Malignant 183 (19.2) 71 (7.5) 115 (12.1) 369 (38.7) 
Total 546 (57.3) 187 (19.6) 220 (23.1) 953 (100) 

 
Limitations: 

This study was conducted only in Udon Thani, limiting its generalizability to other 
populations. Additionally, the proportion of patients with inadequate bowel preparation was zero, 
which does not accurately reflect a more symptomatic clinical diagnostic process. Furthermore, Based 
on the assumption that predictors for colonic polyps would be similar to those for colorectal cancer, 
the model's performance was not superior to other models that predict cancer alone. 
 
Advantages: 

The prevalence of colorectal cancer in patients with a positive FOBT result in this study 
(2.8%) is significantly lower than that reported in symptomatic populations (30.7%) (10, 11). 
Additionally, this study provides a more accurate estimate of the positive predictive value, which may 
vary across a wide spectrum of diseases. For prognostic factors, basic clinical information that can be 
collected in a primary care setting enhances the practicality of the model. 
 
Implication: 

Under routine screening conditions, the authors recommend that high-risk patients undergo 
endoscopy within one week after adequate preoperative preparation, including bowel preparation. 
This strategy facilitates a comprehensive, accurate, and precise evaluation of both malignant and non-
malignant conditions. For moderate-risk patients, endoscopy is advised within two weeks, while low-
risk patients should undergo the procedure within four weeks unless they exhibit prominent cancer-
related symptoms or gastrointestinal bleeding necessitating earlier endoscopy. Examples of such 
indications include concurrent anemia with hematochezia or anemia accompanied by altered stool 
caliber, both of which are characteristic of malignancy. These cases, categorized as selective criteria, 
should also undergo endoscopy within one week. However, while the timing of endoscopy may be 
prioritized as early or delayed, it is not typically categorized as "performed" or "not performed." 
Delaying endoscopy beyond four weeks may increase cancer-related mortality by 1.06 times (HR 
1.06) [13]. Universal scheduling of endoscopy within 1–2 weeks for all patients may be impractical 
in resource-limited settings. Prioritizing high-risk patients for earlier endoscopy is likely to gain better 
patient cooperation due to preoperative risk counseling or advice provided as part of the process. For 
low-risk patients scheduled at four weeks, the additional time allows for further evaluation of anemia 
or hematochezia at local hospitals, potentially resolving symptoms before the endoscopy. These cases 
may no longer require urgent endoscopy within four weeks as interim interventions could address the 
underlying issues during the waiting period. 
 
Conclusion 
 This study demonstrated fair discrimination in identifying higher-risk patients, with the 
clinical prediction rule being useful for advising on voluntary colonoscopy and prioritizing urgent 
screenings. The balance between overestimation and underestimation of the screening process is 
critical for individual centers. 
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Abstract: 

Fibrin glue (FG) is a natural gel-based biomaterial developed as a tissue adhesive to stop 
bleeding during surgical procedures, including cholangiocarcinoma. Cholangiocarcinoma (CCA) is a 
malignant tumor that develops in the bile duct’s epithelium and is common in Thailand, especially in 
the northeastern part of the country. Since fibrin glue is frequently used in surgery as a sealant, a 
chemotherapeutic agent could be incorporated into fibrin glue for CCA treatment. Gemcitabine 
(Gem), Cisplatin (Cis), or Gem+Cis, either drug alone or incorporated into FG, were investigated for 
release into the cell culture medium, leading to cell deaths in vitro of 2D cholangiocarcinoma cell 
lines (KKU-213A and KKU-213C). The results showed that most conditions of FG vs. drug alone 
were non-significant (P > 0.05), proving that the drug entrapped into FG can be released and normally 
affected CCA cells. Moreover, 3D assays (migration and live/dead cell assay) reduced migration area 
but increased significant cell death (red). Finally, the in—house fabrication of fibrin gel can be done 
with no significant change in compression modulus (P > 0.05).  Therefore, chemotherapeutic drugs 
incorporated with fibrin glue have the potential to develop as a drug-releasing tissue sealant for CCA 
surgery and help eliminate leftover microscopic tumors after surgery. The in-house production and 
fabrication of drug-incorporated fibrin glue will reduce the cost of production and will be tested with 
other drugs in the near future. 
 
Keywords: Fibrin glue; Drug delivery; Cholangiocarcinoma; Three-dimensional (3D) Organoid; 
Cell migration 
 
Introduction  

Drug delivery methods are designed to ensure treatments efficiently reach their target sites, 
minimizing adverse effects and improving patient adherence. As the spectrum of therapeutics 
expanded from small molecules to more complex entities such as proteins, peptides, nucleic acids, 
and antibodies, delivery techniques evolved to address new challenges (1). In this broad field of 
research, researchers attempt to develop a new material or carrier system for more effective delivery 
of drugs (2). Localized drug delivery is a technique used to provide the drug to the specific body site 
for its release or transport the active compounds to the site of action to improve the bioavailability of 
the drug at the site of the disease, decrease the dose frequency, and lower systemic exposure (3). In 
addition, this approach can directly implant chemotherapeutic agents into the resection cavity after 
tumor resection (4). In order to make this type of delivery the most effective, the drug should be 
released in a sustainable fashion (2). Advanced drug delivery systems are being developed using a 
diverse range of materials, including lipids, polymers, metals, non-metallic inorganics such as silica 
and graphene, and even viruses. These materials are selected for their exceptional biocompatibility, 
biostability, biodegradability, high drug-loading capacity, and unique bioactivities, making them 
ideal candidates for innovative therapeutic applications (5). Fibrin glue is a biologically derived 
material whose clotting occurs naturally during the wound healing stage. Fibrin glue consists of a 
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solution of concentrated fibrinogen activated by the addition of thrombin, which mimics the final 
stages of blood coagulation (6). Because of its non-toxic nature and adaptability, it conforms to 
irregularly shaped resection cavities. Consequently, considerable research has focused on utilizing 
fibrin glue as a localized and controlled drug release vehicle by loading neither the drug nor the 
sensitizer undergoes degradation during uptake into or release from the fibrin glue (7,8). 

Cholangiocarcinomas (CCAs) are rare and aggressive tumors with diverse epidemiology 
worldwide. It is a biliary system neoplasm, starting in the extrahepatic, peri-hepatic, and intrahepatic 
bile duct. Molecular characterization and immunological evaluation have been essential for the 
research of novel treatments that have increased the overall survival of these patients, even though 
CCA still has a high death rate, mostly because of its aggressiveness and late diagnosis (9,10). Patients 
need to check whether they are resectable or unresectable for effective treatment of CCA. In 
unresectable or recurrent cases, systemic chemotherapy will be given to the CCA patients by using 
either gemcitabine combined with cisplatin (first-line chemotherapy) or FOLFOX (second-line 
chemotherapy). On the contrary, If the patients can be resectable, surgery will be processed and 
followed by adjuvant chemotherapy (11). This research investigated the potential of drug-
incorporated fibrin glue used as a tissue sealant. Also, this material can serve as localized and drug-
releasing fibrin glue and help eliminate microscopic tumors after surgery. Moreover, delivering the 
chemotherapeutic drug concentrated at the local position can help decrease the overall toxicity to the 
whole body. Hence, it will improve the surgical outcomes of CCA patients and reduce the chance of 
tumor relapse.  
 
Materials and Methods 
Experimental 2D and 3D Cultures  

On a routine basis, 2D cell cultures were established in flat-bottom 96-well plates (Corning 
Life Sciences, Massachusetts, USA) and seeded 5,000-cells/well for KKU-213C and KKU-213A, 
respectively. 3D multicellular spheroids (MCSs) cultures were established according to the 
previously published protocol (12) by seeding cells at optimized densities between 5,000 cells/well 
in an ultra-low-attachment U-bottom plate. 2D cells and 3D MCSs were captured using a phase-
contrast microscope (Axiovert 40 inverted microscope, ZEISS) at 4X and 10X objective lens via 
program iSolution Lite, IMT (i-Solution Inc., New York, USA). For spheroids, the images have 
measured the diameter and area of shadow projection using ImageJ (The Research Services Branch, 
National Institute of Mental Health, Bethesda, Maryland, USA.). The spheroids whose sizes deviated 
more than 10% of the average were excluded from the experiment. 
 
Fibrin Glue Formation 

TISSEEL™ fibrin sealant was purchased from Baxter International Inc. (Deerfield, IL, USA). 
Generally, TISSEEL™ was delivered in a double-chamber syringe. The first chamber contained a 
sealer protein solution, including fibrinogen, aprotinin, and factor XIII, while the second chamber 
was composed of a thrombin solution. In the compression modulus measurement, self-made fibrin 
glue was established from fibrinogen and thrombin purchased separately (Sigma-Aldrich, 
Gillingham, UK) using the concentrations indicated in TISSEEL™ as a reference. Chemotherapeutic 
drugs were incorporated into the fibrin clot via the entrapment process for the drug-releasing 
experiment. 

 
Incorporation of Fibrin Glue with Drugs 

A single drug or drug combination was mixed in the thrombin component from TISSEEL™ 

fibrin glue (Baxter, USA). Then, fibrinogen and thrombin components will be mixed together to form 
fibrin glue in the ratio 1:1. Gemcitabine (Fresenius Kabi, Germany) was dissolved in Normal Saline 
Solution (NSS), filtered through 0.22 µm membrane filters, and dissolved in cell culture media to 
achieve the concentrations 1,000 µM/mL cisplatin (Fresenius Kabi, Germany) was dissolved in sterile 
DMSO (Sigma-Aldrich) at concentrations 100 µM/ml. Stock aliquots were stored at −80 °C and 
thawed prior to each experiment for one-time use. A maximal concentration of 0.1% DMSO in cell 
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culture media was used as a DMSO control. Then, fibrin glue incorporated with the drug was treated 
to the 2D cells or 3D MCSs cells for 24 and 48 hours. 

 
The 2D Screening of Gemcitabine and Cisplatin on CCA Cell Lines 

KKU-213C and KKU-213A cells were seeded at 5,000 cells/well in flat-bottom 96-well plates 
(Corning Life Sciences, Massachusetts, USA), then cultured at 37°C, 95% humidity, and 5% CO2 
condition for 16 hours to allow cell attachment. On the next day, the quality checking was performed 
using a phase-contrast microscope (Axiovert 40 inverted microscope, ZEISS) at 4X and 10X 
objective lens via the program iSolution Lite, IMT (i-Solution Inc., New York, USA). Gemcitabine 
powder (Fresenius Kabi, Bad Homburg, Germany) was dissolved in Normal Saline Solution (NSS), 
filtered through 0.22 µm membrane filters, and dissolved in cell culture media to achieve the 
concentrations of 0.001, 0.01, 0.1, 1, 10, 100, and 1000 µM, respectively. Cisplatin (Fresenius Kabi, 
Bad Homburg, Germany) was dissolved in cell culture media to achieve concentrations of 0.001, 
0.01, 0.1, 1, 10, 100, and 1000 µM, respectively. Stock aliquots were stored at −80 °C and thawed 
prior to each experiment for one-time use. A maximal concentration of 0.1% DMSO in cell culture 
media was used as a DMSO control. Cell viability after treatment was assessed by CellTiter-Glo® 
viability assay. 
 
Migration Assay and Live/Dead Cell Viability Assay 

3D Migration Assay 
3D MCSs cultures were also established by seeding cells at optimized densities between 5,000 

cells/well in an ultra-low-attachment U-bottom plate to study the spheroid-based migration (one 
spheroid per well). After that, 1,000 µM of gemcitabine, 100 µM of cisplatin, and 1000 µM of 
gemcitabine plus 100 µM of cisplatin (with or without fibrin glue) were treated to 3D MCSs for 48 
hours and followed the migration area of MCSs over time. Imaging and analysis of cell migration 
were performed by taking images of spheroids at a starting time point at 0 h up to 48 h, using an 
inverted microscope (at both 10× and 4× objectives). Migration assay was analyzed using software 
(Image J). The covered area of the spheroids was chosen using a freehand selection tool to select the 
migration area. Then, the area and fluorescence intensity were measured from GFP (490/525 nm) and 
Texas Red (585/628 nm) channels. 

Live/Dead Cell Viability Assay 
Live and dead cell identification was performed using Live/Dead Cell Viability Assay Kit for 

3D MCSs culture (Merck-Millipore, Massachusetts, USA) according to the manufacturer's 
instructions. The kit provided calcein-AM: Ex/Em: 490/515 nm (stains live cells), propidium iodide: 
Ex/Em: 535/617 nm (stains dead cells), and Hoechst 33342: Ex/Em: 361/486 nm (stains all cells). 
For 3D MCSs culture, cells were seeded on an ultra-low-attachment U-bottom plate and 200 µl 
medium per well. The cell culture medium in all wells was discarded and replaced with a new medium 
containing 5 µl of calcein-AM, 20 µl of propidium iodide, and 8 µl of Hoechst 33342. The plate was 
incubated for 60 min at 37°C for 3D MCSs. All samples were analyzed for cell count and viability 
using a fluorescence microscope EVOS M5000 (Thermo Fischer Scientific, Massachusetts, USA) 
equipped with standard filters, including DAPI (357/447 nm), GFP (490/525 nm), and Texas Red 
(585/628 nm). 
 
Mechanical Testing via Universal Testing Machine 

Young modulus properties were performed by using 40 mg of fibrinogen was mixed with 1U 
and 2U of thrombin, respectively. Then, the mixture of fibrin glue was cast into the cubic shape with 
the dimension of 7 mm x 7 mm x 3 mm and placed at 37° C for 30 minutes to allow complete 
polymerization. The compression stress, strain, and Young’s modulus were measured with a universal 
testing machine (UTM), LR 30K (Lloyd Instruments Ltd., Bog-nor Regis, UK). The samples were 
placed on a stage and pressed with measuring probes at 100 N load cell and 0.1 mm/min. The plot of 
compression stress against compression strain and Young’s modulus calculation were generated 
using NEXYGENPlus Materials Testing Software.  
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Data Analysis 
The students' One-way ANOVA was used to analyze intergroup differences between two 

groups. P-values less than 0.05 were considered statistically significant. The analysis was performed 
using GraphPad Prism 8.0.1 (GraphPad Software) (San Diego, CA, USA). Densitometry results of 
migration area and fluorescence intensity were quantified using ImageJ software.  

 
Results and Discussion 
The 2D Screening of Gemcitabine and Cisplatin on CCA Cell Lines 

The drug screening was carried out in 2 cell lines, including KKU-213A and KKU-213C. The 
chemotherapeutic drugs, including gemcitabine and cisplatin, were screened for 48 h incubation by 
varying the concentration in 10-fold dilution (0.001 – 1000 µM) as shown in Figure 1. We used 
GraphPad Prism 8 software for the data analysis to determine the concentrations. The effect of 
gemcitabine and cisplatin was determined by using CellTiter Glo assay. For cisplatin, it effectively 
inhibited CCA cell proliferation in all cell lines. The gemcitabine resistance was observed and was 
relevant to the results of Wathikthinnakon and team, showing KKU-213A was highly resistant with 
a IC50 value of > 1 mM (13). Other studies showed KKU-213C and KKU-213A were the cell lines 
with the low sensitivity of gemcitabine, with IC50 values of 598.6 and 4629µM, respectively (14). 
Comparing with cisplatin, all cell lines seem to have higher resistance to gemcitabine. Even in the 
highest concentration, it still shows a small effect on cell toxicity. 

 
Figure 1. Percentage of CCA cell viability after cells were treated with various concentrations of (A) 
Gemcitabine and (B) Cisplatin in CCA cell lines (KKU-213C and KKU-213A). This result was 
determined by a Cell Titer-Glo luminescence cell viability kit.  
 
 
The 2D Cell Viability when Treated with Fibrin Glue Incorporated with Drugs  

Fibrin glue was incorporated with 1,000 µM of gemcitabine, 100 µM of cisplatin, and 1,000 
µM of gemcitabine plus 100 µM of cisplatin and forming into glue texture. 2D CCA (KKU-213C, 
and KKU-213A) were cultured in 24-well plates. Then, they were treated with fibrin glue 
incorporated with drugs (gemcitabine and/or cisplatin) after 48-hour. After that, a cell viability assay 
was performed. The result showed that drugs were released from fibrin glue and had an effect on cell 
viability in all cell types. In some conditions, such as fibrin glue combined with cisplatin and fibrin 
glue combined with gemcitabine plus cisplatin in KKU-213C and KKU-213A, drug-releasing fibrin 
glue showed a significantly stronger inhibitory effect than gemcitabine alone, and the result is similar 
to non-fibrin glue treatment. This indicates that the drug was released into the system (cell culture 
medium) and had an effect on killing cancer cells. 
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Figure 2. The effect of fibrin glue with the drug on 2D CCA cell viability. Cell viability was measured 
after treatment with fibrin glue combination with gemcitabine, cisplatin, and gemcitabine plus 
cisplatin after 48 hours by CellTiter-Glo®. (A) Cell viability of KKU-213A treat with gemcitabine 
and cisplatin (P<0.0001). (B) Cell viability of KKU-213A treat with drug incorporated with fibrin 
glue (P<0.0001). (C) Cell viability of KKU-213C treat with gemcitabine and cisplatin (P<0.0001). 
(D) Cell viability of KKU-213C treat with drug incorporated with fibrin glue (P<0.0001). 
 
 
Spheroid-Based Migration Assay Followed by Live and Dead Cell Viability Assay 
           Cholangiocarcinoma (KKU-213A) cell lines were chosen for 3D MCSs formation. These 
results demonstrated 3D MCSs were transferred from an ultra-low attachment plate to a flat-bottomed 
plate to study the spheroid-based migration (one spheroid per well). After that, 1,000 µM of 
gemcitabine, 100 µM of cisplatin, and 1000 µM of gemcitabine plus 100 µM of cisplatin (with or 
without fibrin glue) were treated to 3D MCSs for 48 hours and followed the migration area (cells 
spread from spheroid) of MCSs over time. Then, live/dead cell assay was also performed to confirm 
the dead cells. To measure the migration area, Image J program was employed. The results of the cell 
migration area are shown in Figure 3A, and the migration area was calculated and shown in Figure 
3B. Under a microscope, we examined how the formation of spheroids changed after 48 hours of drug 
treatment, consistently with cell viability. Migration results show that gemcitabine has a less 
inhibitory effect on 3D MSCSs migration than other conditions (Figure 3B). Live/dead cell assay was 
performed by calcein-AM and PI staining. The result indicated that gemcitabine only shows high 
intensity on the green channel (calcein-AM) but low intensity on the red channel (PI). Conversely, 
cisplatin only and gemcitabine plus cisplatin show high intensity on the red channel, which means 
cisplatin only and gemcitabine plus cisplatin had more potent inhibitory effects on cell migration and 
also caused cell death (Figure 4A). The morphology of KKU-213A spheroids was not significantly 
affected by Gemcitabine treatment, and the spheroids stayed intact with some death cells. Cisplatin, 
however, dramatically altered spheroid morphology at 100 µM. The measured fluorescence intensity 
per selected area is shown in the graph (Figure 4B). 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 86 

 
Figure 3. Light micrograph image of 3D MCSs migration of KKU-213A after treating with drugs 
(Gemcitabine and Cisplatin) for 48 hours and (A) followed the migration area of MCSs over time. 
(B) Area of the spheroids and migration area was quantified at 48 h using ImageJ.  
 
 

Figure 4. (A) Pictures of 3D MCS cells on cross-sectional morphology treated by gemcitabine and 
cisplatin. Calcein-PI staining indicated live and dead cells. Propidium iodide (red) represents dead 
cells and calcein-AM (green) represents live cells of 3D MCSs. (B) Showing fluorescence intensity 
of live and dead per selected area. 
 
 

Overall, fibrin glue incorporated with drug results are similar to the conditions treated with 
drug only, which indicated that drug could be released from fibrin glue and showed an inhibitory 
effect on cells. In terms of migration, the drug can be released from fibrin glue; however, gemcitabine 
shows less inhibitory effect on migration. In contrast, cisplatin alone and cisplatin plus gemcitabine 
show more efficiency inhibitory on cell migration especially cisplatin not only has a high inhibitory 
effect on cell migration but also has potential in MCS’s size reduction (Figure 5A), indicated by the 
minus value in percent of migration area (Figure 5B). Effects of drug incorporated with fibrin glue 
on spheroid growth found in Lina and co-worker works, the results show that FG released bleomycin 
and doxorubicin and effect on spheroids volume which is slightly smaller than controls (15). Live and 
dead cell assay was performed by calcein-AM and PI staining. The results indicated that fibrin glue 
with gemcitabine showed high intensity on the green channel but low intensity on the red channel. In 
contrast, fibrin glue with cisplatin and fibrin glue with gemcitabine plus cisplatin showed high 
intensity on the red channel, which means cisplatin alone and gemcitabine plus cisplatin had higher 
efficiency in inhibitory effect on cell migration and also caused some cell death (Figure 6A). The 
fluorescence intensity of live and dead per selected area is shown in Figure 6B. Studies of Knudsen 
et al investigated the effect of SB747651A, a multi-target small molecule inhibitor on cell migration. 
Result shown spheroid cultures that exposed to SB747651A showed significantly impaired cell 
migration when compared to controls (16). Previous studies show siramesine reduced migration in 
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T78 spheroids at all concentrations. Exposure to siramesine quickly affected the migration of T78 
spheroid. The migratory distance of spheroids that treated with 20 µM siramesine was significantly 
reduced as early as one day after exposure. In T86 spheroids, a notable reduction in cell Two days 
following exposure, migration was seen in all exposed groups (17).  

 
 

 
Figure 5. Light micrograph image of 3D MCSs migration of KKU-213A after treating with 
gemcitabine and cisplatin incorporated with fibrin glue for 48 hours and (A) followed the migration 
area of MCSs over time. (B) Area of the spheroids and migration area was quantified at 48 h using 
ImageJ.  
 
 

Figure 6. (A) Pictures of 3D MCSs live/dead on cross-sectional morphology after treatment with 
incorporated fibrin glue. Calcein-PI staining indicated live/dead cells. Propidium iodide (red) 
represents the dead cell, and calcein-AM (green) represents the live cell of 3D MCSs. (B) Showing 
fluorescence intensity of live and dead per selected area. 
 
 
Fibrin Glue Formation and Mechanical Property 

TISSEEL™ fibrin glue can be formed by ejecting the solution to mix in the desired container 
and cast into the designed shape. However, the self-made fibrin glue can be constructed by mixing 
fibrinogen and thrombin, as demonstrated in this experiment. The compression stress, strain, and 
compression modulus were assessed via a universal testing machine. The average stress and 
compression modulus were 0.0008141 N/mm2 ± 0.0001710 N/mm2, 0.0007529 N/mm2 ± 0.0001592 
N/mm2, and 0.0005740 N/mm2 ± 3.995e-005 N/mm2, respectively. Although the fibrinogen 
concentrations in the self-made fibrin glue were lower than TISSEEL™, the self-made fibrin glue 
still exhibited compression moduli similar to the TISSEEL™ fibrin glue (P>0.05). Previous 
investigations of sealants created with autologous PPP (platelet-poor plasma) fibrinogen and 
thrombin exhibit adhesion properties comparable to those of commercial allogeneic sealants (e.g., 
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TISSEEL™). Results indicate the potential of autologous sources as a viable alternative to 
commercial products. The study's findings underline the viability of autologous fibrin sealants in 
cartilage repair, demonstrating that they offer significant benefits without compromising mechanical 
performance (18).  
 

 
Figure 7. Compression modulus 

 
 
Conclusion 

We have demonstrated that gemcitabine, cisplatin, or Gem+Cis-loaded fibrin glue can 
develop a ready-to-use drug-loaded fibrin glue. The developed system complies with the original 
delivery format, which is separated into two components: fibrinogen syringe and thrombin syringe.  

The results demonstrated that the mechanical properties did not change, and the drug-loaded 
fibrin glue showed no difference in cytotoxicity level compared to the drug alone. Applying this 
modified fibrin glue as an anti-tumor drug delivery material could be used in localized drug delivery 
after surgery for CCA patients to eliminate microscopic tumors, reduce overall toxicity, and decrease 
the chance of cancer relapse. 
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Abstract: 

Vancomycin-resistant Enterococcus faecium (VREfm) is a growing public health threat, 
particularly in healthcare settings. The development of resistance to conventional antibiotics requires 
novel therapeutic compounds. Lupinifolin, a flavonoid isolated from Albizia myriophylla Benth., has 
demonstrated promising antimicrobial activity, but its precise mechanism of action remains 
unexplored. This study aimed to investigate the proteomic alterations induced by lupinifolin in 
VREfm using liquid chromatography-tandem mass spectrometry (LC-MS/MS) to understand its 
mechanism of action at the molecular level. VREfm cultures were treated with 1/2MIC lupinifolin (2 
μg/mL) for 6 h incubation. The proteomic profiles of bacterial cells were compared between treated 
and untreated controls. A bioinformatic tool using a volcano plot was generated to visually represent 
the significance (p < 0.05) and 1.5-fold change of the differentially expressed proteins. The proteomic 
analysis revealed significant changes in proteins involved in carbohydrate metabolism, including SIS 
domain-containing proteins and ROK family proteins associating with sugar isomerization and 
regulation of kinase activity. These proteins play critical roles in bacterial energy production and 
metabolic regulation, suggesting that their differential expression disrupts essential metabolic 
pathways after treatment with sub-MIC of lupinifolin. This disruption likely contributes to the 
antibacterial effects of the compound, highlighting the potential of targeting carbohydrate metabolism 
in VREfm. The study expands our understanding of action against VREfm and highlights its promise 
as a potential therapeutic agent against antibiotic-resistant pathogens. 
 
Keywords: Antibacterial activity; LC-MS/MS; Lupinifolin; Proteome; Vancomycin-resistant 
Enterococcus faecium 
 
Introduction  

The rise of antibiotic-resistant pathogens presents a significant challenge to global healthcare, 
with   E. faecium being a notable concern. Since emerging as a significant cause of resistant infections, 
enterococci have developed resistance to various antibiotics, leading to severe bloodstream, urinary 
tract, and surgical wound infections (1). The World Health Organization has recognized vancomycin-
resistant E. faecium (VREfm) as a top priority among 12 antibiotic-resistant pathogens that pose 
severe global health risks. Across Asia, the prevalence of VREfm is substantial, with an average 
prevalence rate of 22.4%, surpassing European levels but remaining lower than in the United States 
(2). The increasing prevalence of VREfm in Thailand is particularly concerning. Data from 
Thailand’s National Antimicrobial Resistance Surveillance Center indicate that E. faecium resistance 
increased significantly from 0.7% in 2012 to 6.9% in 2020 (National Antimicrobial Resistance 
Surveillance Thailand 2022). The increasing prevalence of VRE has driven the search to highlight 
the urgent need for alternative treatment options. In this context, the discovery of antimicrobial 
compounds from medicinal plants presents a promising avenue for addressing antibiotic resistance. 
Natural products have long been a source of therapeutic agents, providing a rich reservoir of bioactive 
compounds with diverse mechanisms of action. Lupinifolin, a natural flavonoid derived from A. 
myriophylla, has shown promising antimicrobial properties, particularly against Gram-positive 
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bacteria. Previous studies suggest that lupinifolin disrupts cell membranes and interferes with cellular 
processes (3, 4). To improve our insight into the effects of lupinifolin, this study employs proteomic 
analysis to investigate how lupinifolin affects the protein expression profile of VREfm after treatment 
with 1/2MIC lupinifolin. The findings of this study may offer insights into alternative strategies for 
managing VRE infections, potentially contributing to the development of novel therapeutic options. 
 
Materials and Methods 
Bacterial strain, culture condition, and lupinifolin preparation 

VREfm HTY0256, a clinical isolate utilized throughout this study. The bacteria were 
subcultured in Brain Heart Infusion (BHI) broth (BHIB, HiMedia, India) and incubated for 24 h at 
35-37°C prior to each experiment. Mueller-Hinton broth (MHB, HiMedia, India) was employed for 
antimicrobial activity testing. The bacteria were subcultured and counted using BHI agar (BHIA, 
HiMedia, India). The isolate was stored in BHI broth with 20% glycerol at -80°C for subsequent use. 
Lupinifolin was extracted from the wood of A. myriophylla, collected in southern Thailand, and 
obtained from the Faculty of Traditional Thai Medicine at Prince of Songkla University in Thailand. 
The quantification of lupinifolin was quantified and formed using the previously described (5). The 
compound was dissolved in 100% dimethyl sulfoxide (DMSO, Merck, Germany) and stored at -20ºC 
in the dark until use. Lupinifolin was freshly prepared for each experiment. 
 
Determination of antibacterial activity 

The minimal inhibitory concentration (MIC) of lupinifolin against VREfm was determined 
using the broth microdilution method following the Clinical and Laboratory Standards Institute 
guidelines (CLSI, 2020). Briefly, the bacteria was cultured in MHB at 35-37°C until reaching the 
logarithmic phase, then diluted to approximately 106 CFU/mL. A 100 μL of two-fold dilutions of 
lupinifolin was dispensed into a 96-well microtiter plate. Subsequently, 100 μL of the bacterial 
suspension was added to each well, achieving a final volume of 200 μL per well and a bacterial 
density of approximately 5 × 105 CFU/mL and incubated at 35-37°C for 18-24 h.  
 
Protein extraction and trypsin digestion 
  Protein extraction was conducted on VREfm treated with lupinifolin at 1/2 MIC for 6 h, 
following a modified previously reported time-kill study method (3), as well as on untreated control 
samples, using a 0.5% SDS solution. The protein concentration was then quantified by the Lowry 
assay, with bovine serum albumin as the reference standard (6). For the in-solution digestion, five 
micrograms of protein were dissolved in 10 mM ammonium bicarbonate (AMBIC). To reduce 
disulfide bonds, 5 mM dithiothreitol (DTT) in 10 mM AMBIC was added, and the mixture was 
incubated at 60°C for 1 h. Following this, 15 mM iodoacetamide (IAA) in 10 mM AMBIC was used 
to alkylate the sulfhydryl groups, with incubation at room temperature for 45 min in the dark. 
Sequencing-grade trypsin (50 ng/µL) was then added at a 1:20 enzyme-to-protein ratio (Promega, 
USA), and the digestion continued overnight at 37°C. Following digestion, the samples were dried 
and acidified with 0.1% formic acid in preparation for injection into the LC-MS/MS system. 
 
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 
  Tryptic peptide samples were analyzed in triplicate by injecting 5 µL of each into an HCTUltra 
LC-MS system (Bruker Daltonics Ltd, Hamburg, Germany), coupled with a nanoLC setup, the 
UltiMate 3000 LC-System (Thermo Fisher Scientific, Madison, WI, USA), and using electrospray 
ionization. A constant flow rate of 300 nL/min was maintained through a nanocolumn (PepSwift 
monolithic column, 100 µm internal diameter, 50 mm length). Each sample injection included 200 
fmol of trypsin-digested bovine serum albumin as an internal standard. Peptide separation was 
achieved using a mobile phase consisting of solvent A (0.1% formic acid) and solvent B (80% 
acetonitrile with 0.1% formic acid). A linear gradient was applied from 10% to 70% solvent B 
between 0 and 13 minutes (retention time), followed by 90% solvent B from 13 to 15 min to elute 
peptides. Final step involved 10% solvent B from 15 to 20 min to remove any remaining salts. 
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Bioinformatics analysis 
DeCyder MS differential analysis software (DeCyderMS, GE Healthcare) was utilized for 

protein quantification. The LC-MS raw data were processed, with automated detection of peptides, 
assignment of charge states, and quantification based on peptide ion intensities, all carried out using 
the PepDetect module in MS mode. Subsequently, the processed MS/MS data were submitted to 
Mascot software (Matrix Science, London, UK) for protein identification through a database search. 
The NCBI database was searched using specific parameters, including the taxonomy set to E. faecium, 
trypsin digestion, and variable modifications such as carbamidomethylation and methionine 
oxidation. The search also included monoisotopic mass values, unrestricted protein mass, a peptide 
mass tolerance of 1.2 Da, and a fragment mass tolerance of ±0.6 Da. Peptide charge states of 1+, 2+, 
and 3+ were considered, with allowance for missed cleavages. Data normalization and protein 
abundance quantification between control and treated samples were conducted and visualized with 
Metaboanalyst 6.0 (7). Protein identification was further confirmed by filtering based on the 
interquartile range (IQR) to minimize false positives. Differentially expressed proteins were 
identified through a volcano plot (fold change ≥ 1.5, p-value ≤ 0.05, as determined by t-test). Venn 
diagrams were used to analyze the intersections of protein expression across the different sample 
groups. To explore protein-protein interactions, STRING version 12.0 (http://string.embl.de) was 
applied.  
 
Results  
Quantitative proteomics of VREfm between with and without lupinifolin treatment 
  A total of 1,392 proteins were identified by LC-MS/MS-based quantification and compared 
to the E. faecium protein database in NCBI. Three independent biological replicates were conducted 
for each sample to ensure reproducibility and reliability, and data quality was confirmed by filtering 
based on interquartile range (IQR) and mean intensity values. A heat map of the 1,392 identified 
proteins (Figure 1A) illustrates distinct protein expression profiles after treatment for 6 h, revealing 
noticeable differences between treated and untreated groups. Partial least squares discriminant 
analysis (PLS-DA) further supported these findings, showing significant clustering separation 
between the treated and control groups. The Venn diagram analysis allowed for the categorization of 
proteins into two groups for comparative proteomics analysis. Among the total proteins identified 
were 1,362 proteins consistently expressed across untreated and 1/2MIC lupinifolin-treated E. 
faecium samples. Venn diagram revealed 8 proteins that were uniquely expressed in the untreated 
control group and 17 proteins that were unique 1/2MIC lupinifolin treated group (Figure 2A). The 
analysis of protein-protein interactions (PPIs) for the 17 unique proteins identified in E. faecium 
treated with 1/2MIC lupinifolin, revealed significant insights into potential functional networks 
influenced by lupinifolin treatment. In this network, 12 key proteins were displayed, indicating their 
crucial roles within the interaction landscape as shown in Figure 2B. Proteins associated with the 
carbohydrate metabolic process are highlighted in red, those linked to the phosphoenolpyruvate-
dependent sugar phosphotransferase system are shown in blue, and the proteins related to the type II 
toxin-antitoxin system are marked in green.  
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Figure 1. Quantitative proteomics analysis of protein expression in E. faecium treated with 1/2MIC 
lupinifolin (LP) and untreated control (UT). A. Heat map showing the correlation analysis of protein 
abundance across samples. B. Partial Least Squares Discriminant Analysis (PLS-DA) plot illustrating 
the separation of samples based on protein expression profiles.  
 
 
Differential protein expression in VREfm following treatment with lupinifolin  

The volcano plot analysis highlighted the differential expression of proteins between samples 
treated with 1/2MIC lupinifolin and untreated controls, using a 1.5-fold change threshold and p < 
0.05 to define biological significance. In this plot, each point represents a protein, with the x-axis 
indicating the log2 fold-change in expression and the y-axis showing statistical significance (-log10 p-
value). The plot revealed a subset of proteins with significant expression changes. The volcano plot 
analysis identified 4 significantly differentially expressed proteins (DEPs), including 4 upregulated 
proteins in the bacterial cultures treated with 1/2MIC lupinifolin compared to untreated controls. The 
volcano plot revealed clusters of proteins involved in critical biological processes. This includes those 
associated with carbohydrate metabolism, hypothetical protein, and phage assembly, indicating 
pathways that may be impacted by the treatment as shown in the Table 1.  
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Figure 2. Differentially expressed proteins (DEPs) analysis in E. faecium treated with lupinifolin. 
(A) Venn diagram comparison of the number of proteins in 1/2MIC lupinifolin (LP) treatment and 
untreated control (UT). (B) STRING protein interaction network for the 17 unique proteins identified 
at 1/2MIC lupinifolin from venn diagram. (C) Volcano plot depicting significantly regulated DEPs 
in E. faecium treated with 2 µg/mL lupinifolin compared to the untreated control.  
 
 
Table 1. Significantly differentially expressed proteins of 1/2MIC lupinifolin treated E. faecium  

Protein ID Gene Name FC Log2 
FC Functional Annotation 

gi|491376847 ROK family protein 5.09 2.35 Sugar kinases 
phosphorylate 

gi|1681080463 phage head-tail adapter protein 5.16 2.37 Phage assembly 
pathway 

gi|1567725986 SIS domain-containing protein 5.43 2.44 Carbohydrate sensing 
and regulation 

gi|1425472614 hypothetical protein 
EA9301329 1.54 0.62 Hypothetical protein 

 
 
Discussion 

Lupinifolin is a natural compound that exhibits excellent antibacterial activity. The efficacy 
in combating various antimicrobial-resistant bacteria highlights its potential to address the growing 
challenge of antimicrobial resistance (3, 4, 10, 11). Our findings from the 2MIC lupinifolin study 
support the idea that lupinifolin exerts its antibacterial effect through a multitarget mechanism (8). In 
this study, the impact of lupinifolin was examined by comparing protein expression between the 
bacterial samples treated with 1/2 MIC lupinifolin or 2 µg/mL, and untreated controls using 
quantitative proteomics. In the analysis of protein-protein interactions, several proteins associated 
with carbohydrate metabolism were identified, highlighting potential pathways influenced by 
lupinifolin treatment. The STRING database indicates that AOM1678.1, AOM16736.1, and 
AOM16731.1 proteins have roles in carbohydrate metabolism, specifically linked to the 
phosphoenolpyruvate-(PEP)-dependent sugar phosphotransferase system (PTS). Lupinifolin disrupts 
the phosphoenolpyruvate (PEP)-dependent sugar phosphotransferase system (PTS), a critical 
bacterial mechanism for sugar uptake and metabolism. Specifically, it inhibits AOM16736.1, a key 
enzyme in the Entner-Doudoroff (ED) pathway that generates ATP and biosynthetic precursors by 
catalyzing the cleavage of 2-dehydro-3-deoxy-6-phosphogluconate. This disruption reduces energy 
production and metabolic flexibility, impairing bacterial growth and stress response. Additionally, 
AOM1678.1 and AOM16731.1, also involved in carbohydrate metabolism, are likely affected, further 
enabling it to survive in nutrient-limited environments. Additionally, activation of the type II toxin-
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antitoxin system amplifies bacterial stress, further contributing to growth arrest and cell death. These 
carbohydrate-specific targets, along with other pathways, highlight the potential of lupinifolin as a 
promising antibacterial agent against resistant strains. The analysis of differentially expressed 
proteins in carbohydrate metabolism has identified key proteins, including SIS domain-containing 
proteins and ROK family proteins. The upregulation of SIS domain-containing proteins highlights 
their pivotal role as regulators within carbohydrate metabolism. These proteins, which bind 
phosphorylated sugars, are essential for cellular sensing and regulation mechanisms, enabling cells 
to monitor and respond to internal sugar levels (14). Similarly, ROK family proteins exhibit, which 
are known to function primarily as transcriptional regulators and are often associated with 
carbohydrate metabolism (15). The upregulation of ROK family proteins could lead to enhanced 
regulation of pathways that facilitate the utilization of carbohydrates, thus contributing to the overall 
metabolic efficiency of the cell. The up-regulation of phage head-tail adapter proteins could interfere 
with the bacterial virulence factors of the isolate, such as biofilm formation, which is a critical aspect 
of the ability of VREfm to persist in clinical environments and to resist treatments. Similarly, the up-
regulation of a hypothetical protein EA9301329 in response to lupinifolin treatment may suggest that 
this protein plays a role in the bacterial stress response. Targeting these pathways has several clinical 
implications that may address the urgent challenge of antimicrobial resistance. This aligns with the 
findings of previous studies, such as the work on Litsea cubeba essential oil (EO) against 
Cutibacterium acne. In that study, EO demonstrated significant antibacterial activity by affecting 
metabolic pathways, including carbohydrate metabolism, energy metabolism, amino acid 
metabolism, and cell wall and cell membrane synthesis (16). This highlights the broader applicability 
of natural products in targeting bacterial metabolic pathways and their potential to combat 
antimicrobial resistance. 
 
Conclusion 

This study demonstrates that lupinifolin, significantly impacts the proteomic profile of 
VREfm. Through quantitative proteomics, we identified critical shifts in metabolic and regulatory 
pathways, notably in carbohydrate metabolism. The compound upregulated the protein involved in 
SIS domain-containing proteins and ROK family proteins, which are carbohydrate metabolism and 
targets of lupinifolin. Overall, this study emphasizes the potential of lupinifolin as a natural 
antimicrobial agent against VREfm, offering a foundation for developing new antimicrobial therapies 
to combat antibiotic-resistant infections. 
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Abstract: 
Insulin resistance (IR) is a significant contributor to and coexists with β-cell defects in glucose-

stimulated insulin secretion, impaired glucose tolerance, hyperglycemia and type 2 diabetes. Fine 
particulate matter (PM2.5) is a major air pollutant in Northern Thailand and has become a significant 
public health concern. The objective of this study was to examine blood levels of IR biomarkers 
following sub-chronic exposure to PM2.5 in Northern Thailand. Healthy volunteers from areas with 
high (n = 99) and low (n = 98) PM2.5 levels were enrolled. Healthy volunteers who lived in Mae Jam 
district (high exposure area) and Watanakorn district (low-exposure area) more than 15 years were 
enrolled. Blood samples were collected before and during haze periods. IR biomarkers, including 3-
methyl-2-oxovaleric acid, N6-carboxymethyllysine, lysine, valine, isoleucine, leucine, pentosidine, 
3-hydroxybutyric acid and 2-hydroxybutyric acid were analyzed using proton nuclear magnetic 
resonance (¹H-NMR) spectroscopy. The average PM2.5 concentration was 31 µg/m³/month, 
exceeding the World Health Organization's guidelines. Nine metabolites significantly increased and 
are related to branched-chain amino acid synthesis, advanced glycation end-products, ketone body 
degradation, and oxidative stress. 3-Hydroxybutyric acid and L-isoleucine had significant negative 
correlations with PM2.5 doses (r = -0.137 and -0.165). These results showed that PM2.5 is associated 
with IR and may contribute to the development of type 2 diabetes mellitus. In conclusion, exposure 
to PM2.5 elevates the IR biomarkers and increases the risk of type 2 diabetes. Stronger policy required 
to substantially reduces PM2.5 sources in Northern Thailand.  

 
Keywords: Insulin resistance; Metabolic biomarkers; Particulate matter; Nuclear magnetic resonance 
spectroscopy; Environment pollutions; Diabetes 
 
Introduction 

In northern Thailand, fine particulate matter (PM2.5) is a major air pollutant and presents 
significant health risks. PM2.5 is generated from biomass burning, wildfires, vehicle emissions, and 
industrial activities (1). Level of PM2.5 exceeds standard levels from January to March. It may remain 
in the environment for prolonged durations, and contains heavy metals, carbon compounds such as 
polycyclic aromatic hydrocarbons (PAHs) and various volatile chemicals (4). PAHs also activate the 
aryl hydrocarbon receptor (AhR) while inhibiting the activity of Glutathione S-transferases (GSTs), 
enzymes crucial for cellular protection against ROS (1). This disruption of redox balance within cells 
results in damage to DNA, RNA, and proteins through oxidation, contributing to the onset of insulin 
resistance (2, 3). Moreover, specific PAH metabolites, such as 1-hydroxypyrene (1-OHpyR) and 
benzo[a]pyrene (B[a]P) (4, 5), have been identified as agents of oxidative damage, further linking 
PAH exposure to metabolic disturbances.  

The extrapulmonary metabolic effects of air pollution have been linked to several pathways, 
with oxidative stress being the predominant mechanism. Exposure to particulate matter, nitrogen 
dioxide, and sulfur dioxide induces oxidative stress, which has been strongly associated with the 
development of diabetes. Long-term exposure to PAHs contributes to this process by promoting 
oxidative stress, inflammation, and the disruption of sugar metabolism, ultimately leading to insulin 
resistance (2, 3, 5). PAHs are known to induce the production of reactive oxygen species (ROS) 
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through multiple mechanisms, further exacerbating metabolic dysfunction (3, 4). Subsequently, it 
penetrates the bloodstream and disperses throughout the other organs. This can induce inflammation 
and oxidative stress lead to chronic non-communicable diseases, such as cardiovascular disorders, 
diabetes, hypertension, cancer and insulin resistance (1, 2, 3, 5). 

 Insulin resistance, a condition often linked to chronic inflammation of pancreatic beta cells, 
plays a key role in the development of type 2 diabetes (T2D) (6). Evaluating insulin resistance is 
essential for monitoring and screening the risk of T2D at its early stages (2, 7). Biomarkers such as 
fasting blood sugar levels, blood insulin levels, the HOMA-IR index, branched-chain amino acids 
(BCAAs), and metabolomics data are commonly used to assess insulin resistance. 

Metabolomics, an advanced “omics” technology, enables the detailed investigation of 
metabolites within the body. By analyzing metabolic changes associated with disease progression or 
exposure to toxic substances, metabolomics enhances our understanding of illnesses and their effects 
on the body's biochemical processes. Techniques such as Liquid Chromatography-Mass 
Spectrometry (LC-MS/MS) and proton nuclear magnetic resonance (1H-NMR) are widely used in 
metabolomics research (7). However, data on the effects of PM2.5 exposure on insulin resistance 
remain scarce. Thus, this study aims to investigate the impact of sub-chronic exposure to PM2.5 on 
insulin resistance biomarker levels, providing critical insights into the metabolic consequences of air 
pollution. 

 
Materials and Methods 
The Level of PM2.5 in Atmosphere 

The levels of PM2.5 were collected from June 2014 to December 2023 by the Thai Metrological 
Department. The average levels each year at the Mae Jam District (high exposure area) and the 
Watanakorn District (low-exposure area). PM2.5 concentrations were higher in areas with high 
exposure, ranging from 23–36 µg/m3/day compared to low-exposure areas with ranges of 17–25 
µg/m3/day. 

 
Blood Sample Collection 

This study was approved by the Ethics Committee of Faculty of Medicine, Chiang Mai 
University (Study Code: FOR-2567-0610). Healthy volunteers (n=197) were recruited from the Mae 
Jam District, Chiang Mai Province (n = 99) for the high-exposure area and from Watthana Nakhon 
District, Sa Kaew Province, Thailand (n = 98) for the low-exposure area. The participants were given 
5 mL of blood drawn into heparin tubes by nurses. The samples were kept at 4 °C during 
transportation and were stored at -80 °C until analysis. 

 
Preparation of Blood Samples 

Blood samples were extracted with acetonitrile in ratio 1:1 following the method of Jaikang et 
al., shaken for 20 minutes, and then centrifuged at 4000 rpm at 4 °C for 10 minutes to precipitate the 
solids. The supernatant was collected and evaporated using a Lyophilizer Freeze-dryer Alpha 3-4 
LSCbasic (Martin Christ, Germany). The evaporated samples were then reconstituted with 0.1 M of 
3-(trimethylsilyl)-[2,2,3,3-d4]-1-propionate sodium salt (TSP) solution (Sigma Aldrich, USA) in 
deuterium oxide (D₂O) as the internal standard. The liquid samples were then transferred into NMR 
tubes and analyzed using ¹H-NMR spectroscopy at 500 MHz, applying a technique to suppress water 
resonance. 

 
Condition of ¹H-NMR Spectroscopy 

The proton NMR spectra was obtained at 27°C using a Bruker AVANCE 500 MHz 
spectrometer (Bruker, Bremen, Germany) with the Carr-Purcell-Meiboom-Gill (CPMG, -RD-90◦-(t-
180◦-t) n-acquire) water suppression pre-saturation pulse sequence. A 90° pulse with a number of 
signal averages (NSA) equal to 16 was administered. The baseline and phase correction were 
meticulously calibrated using Bruker TopSpin software version 4.0.7. Spectra ranging from 0 to 12 
ppm were examined, with data normalized to the total integrated area. 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 99 

Integration of signals and Insulin resistance biomarkers Identification 
Nine insulin resistances metabolites are available, including L-leucine, L-isoleucine, L-lysine, 

L-valine, 3-hydroxybutyric acid, 2-hydroxybutyric acid, Pentosidine, N6-carboxymethyllysine and 
3-methyl-2-oxovaleric acid. Identification of each chemical compound was determined by using the 
Human Metabolome Database (HMDB) (8). Integration of signals or peak assignment depending on 
the Cluster Midpoint, peak sequence (Coupling type), number of hydrogen atoms (H's), atomic 
number, and Coupling constant (J-coupling). The interpretation of the NMR spectra relied on the 
utilization of chemical shift values. These values were crucial for identifying the signal's integration 
site, determining the integrated region underlying the signal, examining spin-spin coupling, analyzing 
signal patterns, and evaluating the coupling constant. Identification and adjustment of each peak were 
necessary to align within 0.01 ppm of the HMDB database, and the same number of occurrences 
should be observed. Subsequently, the concentration of each chemical can be calculated, following 
the method outlined (9). 

 
Calculation of metabolites by quantitative NMR 

The data were imported into MestReNova software (version 14.1, MestreLab Research, Spain) 
for metabolite peak identification. All spectra in the chromatogram were adjusted to a baseline of 0 
and calibrated using the TSP peak of the internal standard at 0.000 ppm. Afterwards to peak 
collection, the intensity of all metabolite peaks was quantified to concentration using the equation 
(10) that follows. 

 
C! =

"(
")*+

× #)*+
#(

× C$%&      
CA relates to the concentration of the substance. 
IA refers to the intensity value of the substance. 
ITSP represents the intensity value of TSP. 
HTSP refers to the hydrogen atom of TSP. 
HA represents the hydrogen atom of the substance. 
CTSP relates to the concentration of TSP. 
 

It is crucial to ensure chemical compatibility with the database. Specifically, the chemical shift 
values of each Cluster midpoint must not deviate by more than 0.02, and the same number of 
occurrences should be observed. Subsequently, the concentration of each chemical can be calculated, 
following the method outlined (9). 

 
Statistical Analysis 

Data are presented as means ± standard deviation (SD) in the demographic table. The 
Kolmogorov–Smirnov test was used to assess normality. Differences between the high- and low-
exposure groups were analyzed using the Mann–Whitney U-test. Results with p values were 
considered statistically significant. 
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Results and Discussion  
Demographic Data 

One hundred and ninety-seven participants were classified into two groups: the high-exposure 
were included at Mae Jam, Chiang Mai (n=99) and the low-exposure were collected at Wata 
Nanakorn, Sa Kaew (n=98). The blood samples were collected before exposure haze period and 
during exposure haze period. Individual volunteers were left out due to inactivity in sampling and 
lack of response, so we included more subjects during the haze period in each area to complete the 
sample size. Gender, age, weight, height, blood pressure, and heart rate were similar between the 
groups. The results are presented in Table 1. 

 
Table 1. Demographic data of participants.  

 High exposure areas (n=99) Low exposure areas (n=98) 
 HBH  HDH p values LBH LDH  p values 

Female (n%) 72 (72.7) 71 (68.5) 0.218 
Age (years) 48.9 ± 12.4 42.6 ± 12.1 0.07 
BMI (kg/m2) 23.36 ± 4.0 24.3 ± 4.8 0.443 24.5 ± 3.9 24.9 ± 4.1 0.89 
SYS(mmHg) 130.14 ± 16.4 122.8 ± 16.3 0.186 129.1 ± 21.9 122.4 ± 15.4 0.20 
DIA (mmHg) 81.20 ± 9.9 77.2 ± 10.6 0.397 81.2 ± 14.0 79.1 ± 8.4 0.46 

Heart rate 
(beats/min) 81.87 ± 11.7 85.1 ± 11.3 0.681 83.9 ± 14.1 82.1 ± 12.0 0.601 

Living in the 
area (year) 36.7 ± 19.2 31 ± 14.0 

Abbreviations: HBH, high-exposure group before exposure haze period; HDH, high-exposure group 
during exposure haze period; LBH, low-exposure group before exposure haze period; LDH, low-
exposure group during exposure haze period; SD, standard deviation; BMI, body mass index; SYS, 
Systolic pressure; DIA, Diastolic pressure; Results are presented as Mean ± SD.  
 
 

The IR biomarkers were analyzed both quantitative and qualitative .1H-NMR technique to 
determine their types and quantities. The study identified 9 metabolites associated with the IR and 
the results are shown in Figure 1. 
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Figure 1. Box plots of compound elevation were associated with Insulin resistance in high and low 
PM2.5 exposure areas, Significant difference compared between groups using Mann–Witney U test 
(p <0.0001). The data are expressed as mean ± standard deviation (SD) of concentrations (µM).  
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The graphs illustrate the impact of PM2.5 on the blood metabolite concentrations across four 
distinct groups: LBH, LDH, HBH, and HDH. The measured metabolites including BCAAs (L-
leucine, L-isoleucine, L-lysine, L-valine), organic acids (3-hydroxybutyric acid, 2-hydroxybutyric 
acid, 3-methyl-2-oxovaleric acid), and advanced glycation end-products (AGEs) such as pentosidine 
and N6-carboxymethyllysine were determined. Each box plot represents the distribution of metabolite 
concentrations. The interquartile range (IQR) representing 50% of the data is shown within the box 
with the median value indicated by a line inside the box. Whiskers extend to 1.5 times the IQR from 
the box edges capturing most of the data. The statistical significance of differences between groups 
is indicated by the p-values displayed above each box plot, with a p-value less than 0.0001 signifying 
statistically significant differences. 

Branch chain amino acid (BCAA), a mixture of leucine, valine and isoleucine, have important 
regulatory effects on glucose, lipid, protein metabolism. BCAA can induce IR by promoting fat 
accumulation. In this study, we determined the precursors for BCAA biosynthesis including L-
leucine, L-isoleucine and L-valine. BCAAs are closely related to abnormal glucose and lipid 
metabolism in animal models and BCAAs are important inducers of insulin resistance (11). The 
concentrations of BCAAs were significantly higher in the LDH and HDH groups compared to LBH 
and HBH groups (p < 0.0001) suggested a strong link between elevated BCAAs in healthy groups 
after exposure PM2.5. Among the L-lysine significantly elevated in the LDH compared to the LBH 
group (p <0.0001). Ketone bodies and AGEs specifically pentosidine and N6-carboxymethyllysine 
also notably elevated in the LDH and HDH groups (p < 0.0001). This indicates increased lipid 
metabolisms and oxidative stresses, both hallmarks of PM2.5 intoxications. Interestingly, pentosidine 
and N6-Carboxymethyllysine levels significantly elevated in LDH but not in HDH, and the results 
are presented in Figures 1. Higher precursors might promote the BCAA synthesis and BCAA induce 
the macromolecule metabolisms.  It implied that sub-chronic exposure activates IR and needs to be 
proved the mechanism further. 3-Methyl-2-oxovaleric acid is an essential intermediate in the 
catabolism of BCAAs, particularly isoleucine. It is generated through the enzymatic activity of 
branched-chain aminotransferase and plays a pivotal role in the BCAA degradation pathway. 
Elevated concentrations of 3-methyl-2-oxovaleric acid have been linked to neurotoxic effects and 
metabolic imbalances. The level of 3-Methyl-2-oxovaleric acid was higher during PM2.5 exposure 
indicating that PM2.5 might disrupt isoleucine metabolism. Additionally, impaired function of the 
branched-chain alpha-keto acid dehydrogenase complex (BCKDC) can result in increased levels of 
3-methyl-2-oxovaleric acid. 3-Methyl-2-oxovaleric acid is released by brown and white adipocytes 
in response to thermogenic stimuli. It has been shown to promote adipose tissue browning and 
enhance fatty acid β-oxidation in both adipose tissue and skeletal muscle, functioning within an 
adipose–adipose and adipose–skeletal muscle interorgan signaling network (12). 

The organic acid, 3-methyl-2-oxovaleric acid and 2-hydroxybutyric acid were associated with 
BCAAs metabolism significantly elevated in LDH and HDH group, further supporting the role of 
altered amino acid metabolism in diabetes (13, 14). Additionally, the BCAA precursor and its 
metabolites such as L-leucine, L-isoleucine, L-valine, 3-hydroxybutyric acid and 3-methyl-2-
oxovaleric acid significant increase in the low- and high-exposure groups suggesting that dietary 
protein intake substantially might impact these metabolites. However, the L-lysine levels appeared to 
be similar in the LDH and HDH group. 2-Hydroxybutyric acid, also known as alpha-hydroxybutyric 
acid, is an organic molecule indicative of metabolic alterations and physiological conditions. It 
participates in critical metabolic processes, such as energy production and the conversion of 
cystathione to cysteine in glutathione synthesis. Beyond its role as a metabolic byproduct, 2-
hydroxybutyric acid serves as an early biomarker for insulin resistance and oxidative stress-related 
conditions. Elevated levels of this compound in blood may signal metabolic dysregulation, including 
lactic acidosis or ketoacidosis, often observed in diabetes. The normal concentration of 2-
hydroxybutyric acid in blood typically ranges from 8.00 to 80.0 µM, as reported in previous studies 
(5). This metabolite has been linked to pancreatic β-cell dysfunction, a critical factor in the 
development of type 2 diabetes mellitus (T2D). In the current study, among healthy adults, exposure 
to PM2.5 was positively correlated with elevated levels of 2-hydroxybutyric acid in both high- and 
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low-exposure areas during the haze period, with recorded concentrations of 138.9 ± 80.2 µM and 
232.7 ± 136.6 µM, respectively. Interestingly, participants residing in Mae Jam exhibited lower 
metabolite concentrations compared to those in Sa Kaew, despite the higher incidence of T2D in Sa 
Kaew occurring without direct PM2.5 exposure. Following PM2.5 exposure, insulin resistance (IR) 
biomarkers increased in both regions, with a more pronounced elevation observed in the high-
exposure area. These findings highlight the role of PM2.5 in activating IR-related metabolic 
pathways. Moreover, 3-Hydroxybutyric acid is a small ketone body molecule produced in the liver 
(13). In mammals, 3-Hydroxybutyric acid is transported to extrahepatic tissues, taken up in peripheral 
tissues by monocarboxylate transporter (MCT), and oxidized for ATP production. 3-Hydroxybutyric 
acid becomes an important energy source within extrahepatic tissues. Circulating total ketone body 
concentrations in healthy adult humans normally exhibit circadian oscillations between 
approximately 0.1 and 0.25 mM, rise to 1 mM after prolonged exercise or 24 h of fasting, and can 
accumulate to as high as 20 mM in pathological states such as diabetic ketoacidosis (14). The level 
of 3-hydroxybutyric acid elevated after sub-chronic exposure to PM2.5 indicating that human body 
has accumulated from energy production. 

Pentosidine and N6-carboxymethyllysine are advanced glycation end products (AGEs) 
produced during imbalance of oxidative stress and antioxidant. Serum levels of pentosidine and N6-
carboxymethyllysine were significantly elevated in individuals with type 2 diabetes compared to non-
diabetic controls (15). The levels of pentosidine and N6-carboxymethyllysine significantly enhanced 
in blood samples after PM2.5 exposure. Increasing of pentosidine and N6-carboxymethyllysine might 
be from oxidative stress during haze period. 

Air pollution in Thailand is linked to fine particulate matter, varying seasonally and by region. 
Chiang Mai, the largest city in northern Thailand situated on a plain amidst towering mountains, 
experienced the haze period from January to April. During the haze season, Chiang Mai recorded 
some of the highest dust levels contributing to global air pollution. Biomass combustion from 
agricultural practices and wildfires constitutes a significant source of PM2.5 and PM10. Sa Kaew is 
a city in eastern Thailand situated on the plain adjacent to the sea. Agricultural biomass combustion 
is a notable contributor to PM2.5, albeit at lower levels than in Chiang Mai. The mean concentration 
of PM2.5 in high-exposure areas was 31.7 µg/m3/day, while in low-exposure areas it was 19.5 
µg/m3/day. Before haze period, all the IR biomarkers of Sa Kaew, the low-exposure area, differed 
from Mae Jam. The results indicated that the volunteers who lived in Sa Kaew higher incident of 
diabetes than Mae Jam. Moreover, the difference of lifestyles, diets and physical activities of the 
volunteers are the major factors of the differences. After sub-chronic PM2.5 exposure, the levels of 
IR concentrations in the both areas were greater than the before haze period excepted pentosidine. 
Additionally, the IR biomarker concentrations were significantly higher (p <0.0001) in the LDH 
group compared to the HDH group. These results indicate that high exposure to PM2.5 levels 
exceeding the WHO recommendations increases IR concentrations. 

But rather the sort of chemicals that are transmitted from various sources of particulate matter. 
In spite of this study, a critical need to develop biomarkers and clinical tests or procedures that are 
not only easily accessible but also cost-effective in order to attenuate and prevent the developing of 
type 2 diabetes in its early stages. Based on the findings of this study, it is possible that the potential 
of infrared predictors with additional biomolecules, as well as the existing methods for their detection, 
will be better understood. 

Limitations of this study, Various factors, including the use of personal protective equipment, 
alcohol consumption, smoking, intake of grilled foods, and genetic variation, may influence oxidative 
stress and insulin resistance levels. 
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Conclusion 
Sub-chronic exposure to air pollutants, especially particulate matter enhanced the IR 

biomarkers. Higher levels of BCAA precursors are specific to insulin resistance is so closely related 
to Type 2 Diabetes Mellitus. The health impact of particulate-matter exposure on humans is 
ambiguous, further research examining more observation and further exploration are still needed. 
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Abstract: 

Cervical cancer is a major public health problem against women. Recent chemotherapy drugs 
cause side effects and lead to drug resistance. Therefore, searching for new anticancer drugs derived 
from natural products is urgently needed. This study aimed to investigate the antiproliferative activity 
of the alizarin derivative AL-5 against human cervical cancer HeLa cells in single and combination 
drug treatments with the current chemotherapeutic drug carboplatin (CBP). MTT results revealed that 
alizarin derivative AL-5 inhibited HeLa cells with half-maximal inhibitory concentration (IC50) 
values of 195.5 ± 0.7, 24.39 ± 0.5, and 18.2 ± 1.1 µM at exposure times of 24, 48, and 72 hours, 
respectively. In contrast, CBP exhibited IC50 values of >400, 226.51 ± 2.84, and 76.06 ± 3.48 µM at 
exposure times of 24, 48, and 72 hours, respectively. In the non-cancer Vero cells, alizarin derivative 
AL-5 showed IC50 values of >200, 114.49 ± 6.69, and 81.22 ± 17.13 µM, while CBP exhibited 373.67 
± 30.94, 87.14 ± 17.81, and 58.5 ± 12.23 µM at exposure times of 24, 48, and 72 hours, respectively. 
The combined treatment between CBP (IC20 subtoxic dose) and alizarin derivative AL-5 in HeLa 
cells exhibited the synergistic effect (combination index less than 1) with IC50 values of 10.53 ± 0.7 
and 10.49 ± 0.5 µM at 48- and 72-hour exposures, respectively. The result showed that the 
combination of CBP and AL-5 has a synergistic effect on the Hela cell line, enhancing anti-
proliferative activity and effectively inhibiting cancer cell growth while minimizing harm to non-
cancerous cells. In summary, alizarin derivative AL-5 was more effective than CBP in inhibiting 
HeLa cell proliferation, with less toxicity to non-cancer Vero cells. Additionally, alizarin derivative 
AL-5 could enhance the antiproliferative activity of CBP against HeLa cells in combination 
treatments.  
 
Keywords: Alizarin derivatives; Carboplatin; Drug interaction; MTT assay; HeLa cells 
 
Introduction 

Cervical cancer is a significant health issue for women, exhibiting about 6.6% of all cancers 
diagnosed in females, and accounting for the second most prevalent cancer in Thailand (1, 2). In 
2020, approximately 570,000 new cases of cervical cancer were recorded (2). According to the World 
Health Organization report, approximately 5,100 cervical cancer deaths occur annually in Thailand. 
Besides, the cumulative risk of developing cervical cancer for individuals aged 0-74 is 1.7% (3). 
Human papillomavirus (HPV) infection, especially with the high-risk subtypes HPV-16 and HPV-
18, is the major cause of cervical cancer (4). Symptoms of cervical cancer patients include bleeding, 
pelvic pain, and dyspareunia. Treatment of cervical cancer is based on the stage of cervical cancer, 
however, the common treatments include surgical interventions, hysterectomy, chemotherapy, and 
radiotherapy that can be either used alone or in combination (5, 6). Although chemotherapy is an 
efficient treatment to suppress the growth of cervical cancer cells, side effects are a concern such as 
nausea, neuropathy, immune suppression, and long-term health risks. Surgical interventions could 
damage nearby organs, infertility, and sexual dysfunction. Moreover, radiotherapy’s effect was a 
concern such as bowel, bladder, and vaginal damage, as well as fatigue (7).  

Nowadays, natural products become an intriguing focus on enhancing anticancer activities of 
current anticancer drugs or lessening problems of side effects and drug resistance from chemotherapy 
through drug combination treatments (8, 9). Natural products such as alkaloids, flavonoids, and 
terpenoids have been reported as an alternative due to their strong cytotoxic effects against cervical 
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cancer cells with low toxicity against noncancer cells. Additionally, natural products can enhance 
immune responses and help to control HPV (10). Therefore, research and development of new drugs 
derived from natural compounds and their derivatives are urgently needed. A flowering plant madder 
(Rubia tinctorum) belongs to the Rubiaceae family and is known for its historical use as a natural dye 
and its application in traditional medicine. Alizarin derived from a root of madder has been reported 
on the anticancer properties in various types of cancer such as osteosarcoma, pancreatic cancer, breast 
cancer, cervical cancer, etc. For example, alizarin showed anticancer activity against pancreatic 
cancer cells with minimal cytotoxicity against the normal cells and showed no side effects in mice 
(11). Currently, carboplatin (CBP) is a chemotherapy drug for cervical cancer treatment that belongs 
to platinum-containing compounds. As an alternative to cisplatin, CBP exhibits less nephrotoxic in 
treating advanced or recurrent cervical cancer (12).  In this study, we explored the antiproliferative 
activity of the alizarin derivative AL-5 against human cervical cancer HeLa cells in alone and 
combination treatments with the current chemotherapeutic drug CBP. 

 
Materials and Methods 
Cell culture 

The HeLa and non-cancer Vero cells were maintained in RPMI-1640 medium supplemented 
with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 µg/ml) (Gibco-BRL, 
USA). The cells were incubated at 37 °C in a humidified atmosphere with 5% CO2. Alizarin 
derivative AL-5 was obtained from the Department of Chemistry, Faculty of Science, Khon Kaen 
University, Thailand, while CBP was purchased from Sigma-Aldrich (USA). 

 
Antiproliferation assay 

Cell viability was determined by MTT assay. HeLa or Vero cells were seeded into 96-well 
plates at 8 x 103 cells/well for 24 hours. After that, cells were exposed to various concentrations of 
alizarin derivative AL-5 (6.25, 12.50, 25, 50, 100, and 200 µM) or CBP (12.50, 25, 50, 100, 200, and 
400 µM), and 0.5 % DMSO plus 0.5% ethanol and 50 % DMSO plus 50 % DDW at 1:1 ratio were 
served as solvent controls for alizarin derivative AL-5 and CBP, respectively. Treated cells were 
incubated at 37 °C for 24, 48, and 72 hours. Half-maximal inhibitory concentration (IC50) values of 
compounds and a sub-toxic concentration of CBP (IC20) were obtained from their cell viability 
graphs.  In combined treatment experiments, HeLa cells were exposed to a sub-toxic concentration 
of CBP (IC20) combined with various concentrations of AL-5 (1.56, 3.13, 6.25, and 12.5, 25, 50 µM) 
at 37 °C for 48 and 72 hours. Then, the old medium was replaced with fresh medium containing 1.2 
mM of MTT (100 µl/well) and incubated at 37 °C for 2 hours. After incubation, formazan crystal was 
dissolved with DMSO and incubated for 15 min. The absorbances were measured at 570 nm and 655 
nm (served as reference) wavelengths using the iMark™ Microplate Absorbance Reader. The 
percentages of cell viability were calculated as follows; 

 

Cell viability (%)	=	
A570 treatment	-	OD655 treatment

A570 solvent control	-	OD655 solvent control  ×100 

 
Where A represents the absorbance and OD represents the optical density. 

 
Selectivity index (SI) 

The degree of selectivity of the compounds was expressed as the selectivity index (SI) value. 
The SI value > 2 is considered selective toxicity against cancer cells, while the SI value < 2 is 
considered general toxicity against cancer and normal cells. The SI value was calculated using the 
following equation; 

 

SI=
IC50 noncancer	(Vero) cells

IC50 cancer	(HeLa) cells  
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Determination of drug interaction 
The Chou-Talalay method (13) was used to estimate the combination index (CI) and to assess 

the type of drug interaction between CBP and alizarin derivative AL-5. The following is the equation 
of CI values for 50% growth inhibition: 

 

CI	=	
D1
Dx1 +

D2
Dx2 +α[

(D1×D2)
(Dx1Dx2) ] 

 
Where D1 indicates a dose of drug 1 combined with drug 2 in combination treatment to produce 

50 % growth inhibition; Dx1 is a dose of drug 1 single treatment to produce 50 % growth inhibition; 
D2 represents a dose of drug 2 combined with drug 1 in combination treatment to produce 50 % 
growth inhibition; Dx2 indicated a dose of drug 2 single treatment to produce 50 % growth inhibition; 
α = 1 for mutually non-exclusive modes of drug action; CI < 1 reveals a synergistic effect; CI = 1 
reveals an additive effect, and CI > 1 reveals antagonism. 

 
The dose reduction index (DRI) was calculated as follows; 

 

DRI1 = Dx1
D1

  DRI2 =	 Dx2
D2

 
 

Where D is a dose of a drug combined with the other drug to produce 50 % cell viability, while 
Dx is a dose of a drug alone to produce 50 % cell viability. DRI value more than 1-fold is favored 
dose reduction whereas the value less than 1-fold is disfavored dose reduction. 

 
Results and Discussion 
Antiproliferative activities of Alizarin derivative AL-5 and chemotherapeutic drug carboplatin 
against human cervical cancer HeLa cells 

In order to investigate the antiproliferative effects, all treatments demonstrated in a dose-and 
time-dependent manner suppress the growth of cervical cancer cells. The effects of alizarin derivative 
and carboplatin on cell viability in a single drug treatment against human cervical cancer HeLa cells 
were determined by using MTT assay. The percentages of cell viability and IC50 values were 
displayed in Figure 1. Alizarin derivative alone inhibited proliferation of Hela cells with IC50 values 
of 195.5 ± 0.7, 24.39 ± 0.5, and 18.20 ± 1.1 µM at 24-, 48-, and -72 h exposures, respectively (Figure 
1 (a)). The IC50 values of carboplatin against Hela cells were > 400, 226.51± 2.84 and 76.06± 3.48 
µM for exposure times of 24, 48, and 72 h, respectively (Figure 1 (b)). 

Figure 1 Effects of alizarin derivative AL-5 and carboplatin on the proliferation of HeLa cells. HeLa 
cells were treated with (a) alizarin derivative AL-5 (6.25-200 µM) and (b) carboplatin (12.5-400 µM). 
Antiproliferative activity was determined by MTT assay according to the manufacturer protocol. Data 
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are shown as percentage of cell viability compared with the solvent control treatment. The IC50 values 
are expressed as the mean ± SEM from 3 independent experiments. 

 
Antiproliferative activities of Alizarin derivative AL-5 and chemotherapeutic drug carboplatin 
against non-cancer Vero cells 

The cytotoxic effects of alizarin derivative AL-5 and carboplatin on non-cancer Vero cells 
were determined by using MTT assay. The alizarin derivative AL-5 significantly reduced the 
proliferation of Vero cells with IC50 values of >200, 114.49 ± 6.69 and 81.22 ± 17.13 µM at exposure 
times of 24, 48, and 72 h, respectively (Figure 2 (a)), whereas carboplatin showed IC50 values of 
373.67 ± 30.94, 87.14 ± 17.81, and 58.50 ± 12.23 µM at exposure times of 24, 48, and 72 h, 
respectively (Figure 2 (b)). These results indicated that the alizarin derivative AL-5 inhibited the 
proliferation of HeLa cells more effectively than carboplatin. In addition, the alizarin derivative AL-
5 exhibited less cytotoxic effect on non-cancer Vero cells than the current chemotherapeutic drug 
carboplatin.  
 

Figure 2 Effect of alizarin derivative AL-5 and carboplatin on the proliferation of Vero cells. Vero 
cells were treated with (a) alizarin derivative AL-5 (6.25, 12.5, 25, 50, 100, 200 µM) and (b) 
carboplatin (12.5, 25, 50, 100, 200, 400 µM). Antiproliferative activity was determined by MTT assay 
according to the manufacturer protocol. Data are shown as the percentage of cell viability compared 
with the solvent control treatment. The IC50 values are expressed as the mean ± SEM from 3 
independent experiments. 
 
 

The IC50 values of alizarin derivative AL-5 and carboplatin against human cervical cancer 
cells (HeLa cells) and non-cancer cells (Vero cells) were summarized in Table 1. For HeLa cells, 
alizarin derivative inhibited cell proliferation with IC50 value of 195.5 ± 0.7 µM while carboplatin 
inhibited cell proliferation with IC50 value of >400 µM at 24 h-exposure. For non-cancer Vero cells, 
alizarin derivative AL-5 and carboplatin inhibited cell proliferation with IC50 values of >200 µM and 
373.67 ± 30.94 µM, respectively, at 24 h-exposure. For HeLa cells at 48 h-exposures, alizarin 
derivative AL-5 and carboplatin showed IC50 values of 24.39 ± 0.5 µM and 226.51 ± 2.84 µM, 
respectively. For Vero cells at 48 h-exposure, alizarin derivative AL-5 and carboplatin inhibited cell 
proliferation with IC50 values of 114.49 ± 6.69 µM and 87.14 ± 17.81 µM, respectively. Accordingly, 
the SI values of alizarin derivative AL-5 and carboplatin against cervical cancer cells at 48 h 
exposures were 4.69 and 2.59, respectively. For HeLa cells at 72 h-exposures, alizarin derivative AL-
5 and carboplatin showed IC50 value of 18.20 ± 1.10 µM and 76.06 ± 3.48 µM, respectively.  For 
Vero cells at 72 h-exposure, alizarin derivative AL-5 and carboplatin inhibited cell proliferation with 
IC50 values of 81.22 ± 17.13 µM and 58.5 ± 12.23 µM, respectively. Therefore, The SI values of 
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alizarin derivative AL-5 and carboplatin against cervical cancer cells at 72 h exposures were 4.46 and 
1.30, respectively. 
 
Tables 1 The IC50 and SI values of alizarin derivative and carboplatin against HeLa cells and Vero 
cells 

Anticancer agents Exposure 
Time 

IC50 HeLa cells, µM 
(mean ± SEM) 

IC50 Vero cells, µM 
(mean ± SEM) 

SI 

Alizarin derivative 
AL-5 24 h 195.5± 0.70 >200 - 

 48 h 24.39± 0.50 114.49± 6.69 4.69 
 72 h 18.20± 1.10 81.22± 17.13 4.46 

Carboplatin 24 h > 400 373.67± 30.94 - 
 48 h 226.51± 2.84 87.14± 17.81 2.59 
 72 h 76.06± 3.48 58.5± 12.23 1.30 

SI represents the selectivity index. Data are the means of three independent experiments. Selectivity 
Index (SI) = IC50 Vero cells/ IC50 HeLa cells. SI value > 2 indicates selective toxicity against cancer 
cells (14). 
 
The antiproliferative activities of alizarin derivative AL-5 and chemotherapeutic drug CBP in 
combination treatments against human cervical cancer HeLa cells 

To elucidate the potential of alizarin derivative AL-5 for enhancing the antiproliferative 
activities of the current chemotherapeutic drug CBP against HeLa cells, we performed combination 
treatments of alizarin derivative AL-5 with a subtoxic dose (IC20 concentration) of CBP. The 
inhibition rates of fixed dose CBP (IC20 = 50.86 and 14.87 µM, at 48 and 72 h, respectively) in 
combination with various concentrations of alizarin derivative AL-5 (1.56- 50 µM at 48, and 72 h) 
were determined using MTT assay. The IC50 values of combination treatment of CBP (IC20) and AL-
5 were 10.53 ± 0.7 and 10.49 ± 0.5 µM at exposure times of 48 and 72 h, respectively, as shown in 
Figure 3.  
 

 
Figure 3 Antiproliferative effects of alizarin derivative AL-5 and CBP on HeLa cells in combination 
treatments IC50 values of alizarin derivative AL-5 against HeLa cells when treated in combination 
with CBP (sub-toxic dose = IC20). 
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The combination index (CI) values were calculated using the Chou & Talalay method and the 
results were shown in Table 2. The CI values for combination treatments of AL-5 and CBP (IC20) 
against HeLa cells at 48 h and 72 h exposures were 0.75 and 0.88, indicating synergistic effects. In 
addition, these synergistic effects at 48 and 72 h resulted in a dose reduction of 4.45- and 5.11-fold 
for CBP and 2.32- and 1.73-fold for AL-5 at 48 h and 72 h exposures, respectively. 
 
Table 2 Combination index (CI) and dose reduction index (DRI) of the combination treatments 
between CBP and alizarin derivative AL-5 against HeLa cells 

Drug combination Exposure 
time CI DRI 

CBP AL-5 
CBP 50.86 µM (IC20) + AL-5 (IC50) 48 h 0.75 ± 0.03 4.45 2.32 
CBP 14.87 µM (IC20) + AL-5 (IC50) 72 h 0.88 ± 0.02 5.11 1.73 

 
 

At the synergistic conditions, the combination treatment of CBP and alizarin derivative AL-5 
suppressed HeLa cell viability more effectively than the single drug treatments (Figure 4 (a) and (b)). 
However, further studies on mechanisms of drug action in vitro, such as cell cycle arrest induction, 
apoptosis induction, invasion or metastasis inhibition, are required to reflect anti-cancer hallmarks. 
Moreover, the study on anticancer activity in animal model is also needed. 
 
 

Figure 4 Antiproliferative effects of alizarin derivative AL-5 and CBP on HeLa cells in combination 
treatments (a) Drug interaction between alizarin derivative AL-5 and CBP against HeLa cells at 48 h 
exposure. (b) Drug interaction between alizarin derivative AL-5 and CBP against HeLa cells at 72 h 
exposure. The calculation of cell viability employed the percentage comparison to cells treated with 
solvent control (0.50% ethanol + 0.50% DMSO). "*" denotes a statistically significant reduction (p 
< 0.05) compared to the single drug treatment of AL-5. 
 
 
Conclusion 

Alizarin derivative AL-5 exhibited antiproliferative activity against cervical cancer HeLa cells 
in a dose- and time-dependent manner. Alizarin derivative AL-5 exhibited a remarkable cytotoxic 
effect on HeLa cells at all exposure times compared with carboplatin. The alizarin derivative AL-5 
combination treatments showed a synergistic effect with carboplatin (IC20) at both 48 h and 72 h 
exposures. The findings of this study suggest that alizarin derivative AL-5 enhances the 
antiproliferative activity of carboplatin against HeLa cells. Alizarin derivative AL-5 could potentially 
be an alternative therapeutic agent for the treatment of cervical cancer. However, further studies on 
cell cycle arrest induction, apoptosis induction, invasion or metastasis inhibition, are required.  
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Abstract: 

Osteoarthritis (OA) is a debilitating condition characterized by cartilage degradation, 
inflammation, and pain. Risk factors include joint overuse, obesity, aging, and diabetes. In diabetic 
patients, hyperglycemia leads to the formation of advanced glycation end products (AGEs), 
exacerbating inflammation and cartilage destruction. While traditional OA treatments are effective, 
they often have notable side effects, prompting interest in alternative therapies. Chamaecyparis 
obtusa (hinoki) has anti-inflammatory properties, but its potential chondroprotective effects remain 
unclear. This study aims to investigate the therapeutic effects of hinoki oil and its active compound, 
hinokitiol, on AGEs-induced OA using a porcine cartilage explant model. We hypothesize that hinoki 
oil and hinokitiol may exert chondroprotective effects and slow OA progression. To assess AGEs 
cytotoxicity in the cartilage explant model using LDH analysis, results showed that AGEs (5–100 
μg/ml) exhibited no cytotoxic effects compared to the H2O2-treated group. However, when exploring 
AGE-induced cartilage degradation, HA and s-GAG release significantly increased dose-dependent 
when cartilage tissues were exposed to AGEs (25–100 μg/ml) for 7 days. Correspondingly, uronic 
acid content in cartilage tissues decreased significantly by day 7 of AGE treatment compared to the 
control group. In the long-term cartilage explant model, hinokitiol treatment significantly reduced s-
GAG and HA release in a dose-dependent manner compared to the AGEs-only group. For collagen 
release and retention, hinokitiol significantly decreased collagen release while increasing collagen 
retention in cartilage tissues. Similarly, hinokitiol treatment significantly increased uronic acid 
content in cartilage tissues in a dose-dependent manner compared to the AGEs-treated group. These 
findings suggest that hinokitiol has potential therapeutic effects by protecting cartilage from AGE-
induced degradation, making it a promising alternative treatment for OA. 

 
Keywords: Advanced Glycation End products (AGEs); Chondroprotection; Hinokitiol; 
Inflammation; Osteoarthritis 
 
Introduction  

Non-communicable diseases (NCDs), driven by unhealthy lifestyle choices such as poor diet, 
inadequate rest, and lack of exercise, are a leading cause of global pain and mortality. In 2021, NCDs 
accounted for 74% of all deaths in Thailand (1). This category includes diabetes, hypertension, 
cardiovascular diseases, stroke, and other chronic conditions. Diabetes, affecting 537 million globally 
in 2022 and projected to reach 783 million by 2045 (2), frequently causes complications like diabetic 
retinopathy, nephropathy, and cardiovascular diseases due to prolonged high blood sugar levels. 

Research shows a link between osteoarthritis (OA) and diabetes, with elevated blood sugar 
promoting the formation of advanced glycation end products (AGEs) through non-enzymatic 
glycation. AGEs, found in blood and cartilage, disrupt type II collagen turnover, reduce cartilage 
elasticity, and exacerbate joint degeneration (3). Natural products are increasingly explored for OA 
treatment due to their anti-inflammatory and cartilage-protective properties. Examples include 
turmeric (Curcuma domestica) for pain relief (4) and mulberry root (Morus alba L.) for 
glycosaminoglycan preservation (5). Hinoki cypress oil, containing hinokitiol, has demonstrated anti-
inflammatory effects by suppressing MMP expression and promoting type II collagen production in 
chondrocytes (6). 
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This study aims to evaluate the chondroprotective and anti-inflammatory effects of Hinoki 
cypress oil and hinokitiol on chondrocytes stimulated with AGEs, proposing their potential use in 
treating OA associated with hyperglycemia. 
 
Materials and Methods 
Porcine cartilage explant preparation 

Porcine articular cartilage was harvested from the metacarpophalangeal joints of 6- to 8-
month-old pigs and sectioned into discs (~25 cm³). Samples were incubated in DMEM with 5% 
penicillin/streptomycin at 37°C, 5% CO₂ for 1 hour, then transferred to fresh medium for 24 hours to 
ensure sterility. Cartilage pieces (30–35 mg) were placed in 24-well plates and maintained in DMEM 
at 37°C, 5% CO₂ for experiments. 

 
Cytotoxicity assay in cartilage explant 

The cytotoxicity of Hinokitiol and AGEs was evaluated using an LDH colorimetric assay. 
LDH activity in the culture media was measured by incubating the sample with β-DPNH and pyruvate 
substrate at 37°C, followed by reactions with 4-dinitrophenylhydrazine and NaOH. A 5% (v/v) H₂O₂ 
solution served as a positive control. Absorbance at 450 nm was recorded using a microplate reader, 
and LDH activity (unit/ml) was calculated from a standard curve and expressed as a percentage of 
LDH release. 

 
Optimization of AGEs concentrations in cartilage explant 

Cartilage discs, weighing 30–35 mg, were treated with AGEs (Merck Millipore, Belize, MA, 
USA) at concentrations between 5 and 100 µg/ml. The culture media were collected on days 0 and 7 
to assess the release of sulfated glycosaminoglycans (s-GAG) and hyaluronic acid (HA). On day 7, 
the cartilage discs were collected for papain digestion. 

 
The effect of Hinokitiol on AGE-induced cartilage degradation. 

Cartilage discs were co-treated with 50 µg/ml of AGEs and different concentrations of 
Hinokitiol (25–100 µM). The culture media were collected and replaced on days 0, 7, 14, 21, 28, and 
35 to measure the release of sulfated glycosaminoglycans (s-GAG) and hyaluronic acid (HA). On day 
35, the cartilage discs were collected for histological evaluation. The papain-digested cartilage was 
analyzed for uronic acid, and hydroxyproline content, respectively.   

 
Results and Discussion 
The effect of AGEs-induced porcine cartilage degradation 
The toxicity of AGEs in cartilage explant model 

To evaluate the cytotoxicity of AGEs on cartilage, porcine cartilage samples were exposed to 
varying concentrations of AGEs (12.5–100 μg/ml) for 7 days. Culture media were collected on days 
0 and 7 for lactate dehydrogenase (LDH) analysis. The findings revealed that AGEs at concentrations 
of 12.5–100 μg/ml did not cause cytotoxic effects on cartilage tissue when compared to the control 
group (Figure 1A). 

 
Investigation of the Effect of AGEs on Glycosaminoglycan Release from AGEs-Treated Cartilage 
Tissues 

Cartilage tissues were treated with AGEs (5-100 μg/ml) for 7 days to evaluate cartilage 
degradation. By day 7, s-GAG release into the culture media increased in a dose-dependent manner, 
peaking at 100 μg/ml, while no significant difference was observed at 5 μg/ml compared to controls, 
indicating minimal degradation at lower concentrations (Fig. 1B). Similarly, HA release significantly 
increased at 50 and 100 μg/ml of AGEs, with the highest release at 100 μg/ml. Lower concentrations 
(5 and 25 μg/ml) showed HA levels comparable to the untreated group (Figure. 1B,1D). These 
findings demonstrate that AGEs induce cartilage matrix degradation in a dose-dependent manner. 
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Investigation of the effect of AGEs on uronic acid remaining in porcine cartilage tissues 
The uronic acid content in cartilage tissues decreased in a dose-dependent manner (5–100 

μg/ml) following AGE treatment compared to the untreated group (Figure 1C). Notably, 
glycosaminoglycan release showed a significant reduction in uronic acid content in cartilage treated 
with 5 μg/ml of AGEs when compared to the control group. 

 
The chondroprotective effect of Hinokitiol on AGEs induced porcine cartilage degradation 
The toxicity of Hinokitiol with AGEs in cartilage explant model  

To evaluate the potential cytotoxicity of Hinokitiol and its combination with AGEs, porcine 
cartilage tissues were treated with various concentrations of Hinokitiol (12.5–100 μg/ml) or co-treated 
with 50 μg/ml AGEs for 35 days, with 5% H2O2 serving as the positive control (Figure 1.4). Culture 
media were collected at multiple time points (days 0, 7, 14, 21, 28, and 35) to measure LDH levels. 
The findings demonstrated that Hinokitiol, at all tested concentrations, did not induce cytotoxic 
effects on cartilage tissue compared to the untreated control group. (Figure 2A). 
 

 
 
Figure 1 (A) LDH release, (B) s-GAG, (C) HA, and (D) uronic acid levels in cartilage samples treated 
with AGEs (5–100 μg/ml) for 7 days. Media and tissues were collected for analysis. Data are mean ± 
SEM from three experiments. *p < 0.05 vs. untreated group. 

 
 

Investigation of the effect of Hinokitiol on glycosaminoglycans releasing from AGEs treated 
cartilage tissues 

To examine the effect of Hinokitiol on AGEs-induced porcine cartilage degradation, cartilage 
samples were treated with 50 μg/ml AGEs alone or co-treated with Hinokitiol (12.5–100 μg/ml) for 
35 days. Culture media were collected on days 0, 7, 14, 21, 28, and 35 to measure s-GAG and HA 
levels (Figure 2B). The results showed that treatment with 50 μg/ml AGEs. significantly increased 
the release of s-GAG in the conditioned media compared to the untreated group. In contrast, co-
treatment with Hinokitiol (12.5–100 μg/ml) and AGEs significantly reduced s-GAG release in a dose-
dependent manner compared to the AGEs-only condition. Similarly, the release of HA in the 
conditioned media was progressively elevated in the 50 μg/ml AGEs group compared to the untreated 
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group. However, co-treatment with Hinokitiol (12.5–100 μg/ml) in the presence of AGEs 
significantly lowered HA levels in a dose-dependent manner compared to the AGEs-alone group. 
(Figure 2E) 

 
Investigation of the effect of Hinokitiol on Collagen release and remaining in porcine cartilage 
tissues 

Collagen release and retention were assessed in cartilage samples treated with AGEs alone or 
co-treated with Hinokitiol (12.5–100 μg/ml) over days 0, 7, 14, 21, 28, and 35. The results 
demonstrated that AGEs treatment alone significantly increased collagen release into the culture 
media compared to the control group. In contrast, co-treatment with Hinokitiol (12.5–100 μg/ml) 
markedly reduced collagen release relative to the AGEs-treated group (Figure. 2C). Similarly, the 
analysis of collagen retention within cartilage revealed that AGEs treatment alone significantly 
decreased collagen levels in the tissue. However, co-treatment with Hinokitiol (12.5–100 μg/ml) 
significantly preserved collagen content compared to the AGEs-treated group (Figure. 2F). 

 
Investigation of the effect of Hinokitiol on uronic acid remaining in porcine cartilage tissues 

The uronic acid content in cartilage samples treated with AGEs alone or co-treated with 
Hinokitiol (12.5–100 μg/ml) was assessed on day 35 of the treatment. AGEs treatment alone resulted 
in a significant reduction in uronic acid content compared to the control group. However, co-treatment 
with Hinokitiol (12.5–100 μg/ml) significantly increased uronic acid content compared to the AGEs-
only treated group. (Figure 2D) 

 

 
Figure 2 (A) LDH release in the media of cartilage samples treated with AGEs (50 μg/ml) and 
Hinokitiol (12.5–100 μg/ml) for 35 days. (B) s-GAG and (C) HA release measured in culture media 
collected on days 0, 7, 14, 21, 28, and 35. (D) Collagen release and (E) retention in cartilage tissues 
treated with AGEs or co-treated with Hinokitiol. (F) Uronic acid levels in cartilage tissues treated 
with AGEs or co-treated with Hinokitiol. Data are mean ± SEM from triplicate experiments. *p < 
0.05 vs. AGEs-treated alone; p < 0.05 vs. untreated group. 

 
 

Conclusion 
This study demonstrates that advanced glycation end-products (AGEs) significantly induce 

porcine cartilage degradation in a dose-dependent manner, as evidenced by increased s-GAG, HA, 
and collagen release into the culture media and decreased uronic acid and collagen content within 
cartilage tissues. These findings highlight the detrimental impact of AGEs on cartilage matrix 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 116 

integrity. Importantly, Hinokitiol exhibited potent chondroprotective effects against AGEs-induced 
cartilage degradation. Co-treatment with Hinokitiol (12.5–100 μg/ml) significantly reduced the 
release of s-GAG, HA, and collagen while preserving collagen and uronic acid content within the 
cartilage tissues. Furthermore, Hinokitiol did not induce cytotoxicity at any tested concentration, as 
evidenced by unchanged LDH release levels. 

Overall, Hinokitiol effectively mitigates AGEs-induced cartilage damage and matrix 
degradation, suggesting its potential as a therapeutic agent for protecting cartilage integrity in 
conditions involving AGE accumulation, such as osteoarthritis or diabetes-related joint diseases. 
However, the study is limited by the use of porcine cartilage as a model, which may not fully replicate 
the human cartilage environment. Additionally, the in vitro nature of the experiments may not account 
for complex systemic factors present in vivo. Further investigations, including in vivo studies and 
clinical trials, are warranted to validate these findings, optimize dosage, and explore the long-term 
safety and efficacy of Hinokitiol in treating AGEs-related joint diseases. 
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Abstract: 
Split gill mushrooms (Schizophyllum commune) are among the functional mushrooms that 

have been used as a source for polysaccharide extraction to study the anti-tumor and 
immunomodulating activities. However, the antidiabetic activity of the polysaccharides has not been 
well characterized. In this study, we utilized a green procedure involving only ethanol, water, and 
enzymes to extract and purify polysaccharides from split gill mushrooms. The hot-water extracted 
polysaccharides were digested with enzymes to eliminate α-glucose and proteins and purified with 
Diethylethanolamine (DEAE) Sepharose Fast-Flow.  The DEAE column chromatography 
fractionated the sample into three major peaks: Peak 1, Peak 2, and Peak 3, which are eluates from 
the low, medium, and high salt, respectively. Total protein and carbohydrate analysis showed that the 
Peak 1 sample contains the highest carbohydrate and the lowest protein contents. Therefore, the Peak 
1 sample was selected for further experiments with L6 myotubes. The results showed that the Peak 1 
sample dose-dependently stimulated glucose uptake in the cells without affecting the cell viability. 
These results suggest the antidiabetic activity of the polysaccharides and the potential use of protein-
polysaccharides from split gill mushrooms as a functional food for treating diabetes.   
 
Keywords: Split gill mushrooms; Polysaccharides; Glucose uptake; L6 myotubes; Antidiabetic 
activity 
 
Introduction  
 Diabetic, a chronic health disease that affects millions of people worldwide, is characterized 
by the inability of the body to regulate blood glucose. Diabetes mellitus, a group of metabolic 
disorders associated with elevated blood glucose levels due to the lack of insulin secretion, insulin 
resistance, or both, has emerged as a major health problem. It is estimated that the number of diabetes 
patients worldwide will reach 693 million by 2045 (Cho et al., 2018). Thailand is among the countries 
in Asia with a high prevalence of diabetes. More than 200,000 deaths annually among the Thai 
population are owing to chronic noncommunicable diseases, and about 30,000 deaths are owing to 
diabetes, a leading cause of death in Thailand with a prevalence of 9.9% in the adult population 
(Aekplakorn et al., 2018). Of the more than 200,000 deaths annually due to chronic non-
communicable diseases in Thailand, approximately 30,000 (15%) are due to diabetes (Reutrakul & 
Deerochanawong, 2016). Diabetes mellitus results in severe complications such as neuropathy, 
nephropathy, retinopathy, and cardiovascular diseases (Clements &Bell, 1985). Postprandial 
hyperglycemia is mainly responsible for the majority of diabetes-related complications (Ceriello, 
2005; Gavin, 2001). Commercially available drugs used for the treatment of diabetes suffer from 
certain limitations and have side effects (Chaudhury et al., 2017), necessitating the need for novel 
and more effective antidiabetic agents from natural sources. 
 Schizophyllum commune is a common and widely distributed edible mushroom naturally 
growing on decaying woods during the rainy season. It is widely consumed as food and medicine in 
Thailand (Shweta et al., 2021). S. commune has been mostly acknowledged for its medical importance 
(Han et al., 2005). This mushroom is rich in polysaccharides, namely schizophyllan, a type of β-
glucan, which is a polymer of β-(1 → 3) glucose with a single β-(1 → 6) glucose as a side chain at 
every third glucose residues (Kumari et al., 2008; Rau, 1999; Yanaki et al., 1985).  
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In general, mushroom polysaccharides are known to possess several biological activitiesare, 
such as anti-tumor, anti-bacterial, anti-inflammatory, immunomodulatory, and antidiabetic activities. 
Polysaccharides from split gill mushrooms are well-studied in terms of their anti-tumor and 
immunomodulating activities (Zhang et al., 2013). However, the antidiabetic activity of 
polysaccharides from split gill mushrooms has not been well characterized.  

In this study, we utilized the hot-water extraction method to extract polysaccharides from the 
mushrooms, which were subsequently purified with Diethylethanolamine (DEAE) Sepharose Fast-
Flow column chromatography. All the purification procedures involve water, ethanol, and enzymes 
and without using harmful reagents. Polysaccharides eluted from the column were further 
characterized and the antidiabetic activity is discussed in this report.  
 
Materials and Methods 
Preparation of polysaccharides from split gill mushroom 
 Split gill mushrooms were gifts from Ban hed krang, Hatyai, Songkhla. In brief, 1 kg of fresh 
mushrooms were washed, air-dried, and diced into small pieces. After drying at 70°C for 2 days, the 
mushrooms were ground into powder. To perform hot-water extraction, water was added to the 
mushroom powder in the 1:8 mushroom (g) ratio to water (mL) and boiled at 90-95°C for 4 hours 
under constant stirring. The sample was allowed to cool down and filtered to separate the supernatant 
from mushroom residues.  Centrifugation was performed to collect the supernatant.  The mushroom 
residues from the extraction were combined and again extracted with hot water.  The supernatant 
from the first and the second extraction was combined.  The total protein and total carbohydrates in 
the sample were analyzed using the protocol described below.   

The method for purification of polysaccharides was based on our previous protocol 
(Sermwittayawong et al., 2018) with some modifications: adding sample evaporation before the 
precipitation with ethanol and removing the SEVAG extraction step. Briefly, evaporation was 
performed to reduce the volume of the extract by approximately 50%. Then, absolute ethanol was 
added to the supernatant at 3:1, ethanol: sample.  The mixture was kept for 12-16 hours at 4°C to 
allow proper polysaccharide precipitation. Precipitated polysaccharides were collected by 
centrifugation, dissolved with distilled water, dialyzed to remove ethanol, and lyophilized.  The crude 
extract was kept in a desiccator until needed. 
 The first step after reducing the volume was to eliminate á-glucose using amylase from 
Aspergillus oryzae (Sigma-Aldrich), which was dissolved in P6.7 buffer (50 mM HEPES pH 7.0, 4.5 
mM NaCl, and 0.01% sodium azide). Amylase at 0.1 U was mixed with every 1 mg/mL 
polysaccharide sample.  The digestion was performed at 20°C for 24 hours, and the digested product 
was checked with the 3,5-Dinitrosalicylic acid (DNS) assay.  Once the digestion with amylase was 
satisfied, CaCl2 was added to the sample to a final concentration of 1 mM. 
 Proteins were eliminated by the digestion with proteinase and proteinase K 
enzymes.  Proteinase at 0.5 U was added to every 1 mL sample, and the digestion was performed at 
37°C for 24 hours.  Then, 0.04 U proteinase K was added to every 1 mL sample, and the digestion 
was continued at 55°C for 24 hours.  Protein precipitate may appear, and it was removed by 
centrifugation.   
 The digested polysaccharides were kept frozen until the next purification step with DEAE 
ion-exchange column chromatography.  The sample was diluted 1:10 with distilled water and passed 
through a 25-mL DEAE column previously equilibrated with water.  Bound polysaccharides were 
eluted from the column using NaCl at 0.1, 02, 0.4, and 1 M concentrations.  Polysaccharides in each 
fraction were analyzed using the phenol-sulfuric assay (see below), and proteins were estimated by 
measuring the absorbance at 280 nm.  Peak fractions were pooled, dialyzed, and lyophilized.  Each 
peak sample was kept in a desiccator and protected from light until needed.  

Total protein determination 
 Total protein was determined using the Bradford assay. In brief, bovine serum albumin (BSA) 
was used as a standard protein and was prepared at concentrations 62.5, 125, 250, 500, and 1000 
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µg/mL. The 5X Bradford solution (0.5 mg/mL Coomassie Brilliant Blue G-250, 23.5% methanol, 
and 42.5% phosphoric acid) was diluted to 1X solution and was mixed well with each sample (input, 
fraction 1, fraction 2 and fraction 3) and standard. Each sample was measured the absorbance at 595 
nm. The estimation of total protein content was calculated based on the standard curve of BSA. 

Total carbohydrate determination 
 Total carbohydrate was determined using the Phenol-sulfuric assay. In brief, glucose was used 
as a standard carbohydrate. Two hundred microliters of a 5% phenol solution were added to a 200 µL 
sample or standard glucose solution in a glass tube. After vortexing, 1 mL of sulfuric acid (H2SO4) 
was added, and the mixture was incubated at room temperature for 30 minutes. Then, each sample 
was measured absorbance at 470 nm. 

L6 cells maintenance and differentiation  
L6 myoblasts (ATCC-CRL-1458) were grown in α-Minimum Essential medium (𝛼-MEM) 

containing antibiotics and 10% Fetal Bovine Serum (FBS) pH 7.1-7.2. at 37°C in a humidified 
incubator with 5% CO2. The cells are maintained in 10-cm dishes and subcultured every 2 days or 
when the density reaches 60-70%. Cellular differentiation to myotubes were performed as previously 
described (Mitsumoto et al., 1991). Briefly, myoblasts were seeded in a 48-well plate with the 
differentiation medium (𝛼-MEM supplemented with antibiotics and 2% FBS). The differentiation 
medium was replenished every 2 days, and the differentiation was usually completed within 6-8 days 
or when the formation of myotubes became completed, which could be observed under a light 
microscope.  

The effect of polysaccharides on L6 muscle cells 
Differentiated L6 myotubes in a 48-well plate format were treated with various concentrations 

of polysaccharides for 48 hours. Insulin 500 at nM and Metformin at 2 mM were used as positive 
controls for stimulating glucose uptake. After 48 hours of incubation, the media were collected for 
the glucose uptake assay, and cells were treated with MTT solution for the cell viability assay. 

Cells viability assay 
Cell viability assay was performed as previously described (Sermwittayawong et al., 2018). 

In brief, cells were treated with media containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) reagent for 3 hours. Then, the media was removed, and the 
formazan crystals were dissolved with dimethyl sulfoxide (DMSO). The dissolved formazan in 
DMSO was used for measuring the absorbance at 570 nm. 

Glucose uptake assay 
The amount of glucose left in the culturing media could be quantified using a glucose assay 

kit (GAGO20, Sigma-Aldrich), which was performed according to the instructions provided by the 
manufacturer. Briefly, media from treated cells were diluted 10-fold with distilled water and 
transferred 25 µL in 96 well plates. Then, 50 µL of assay reagent was added to each well. Following 
the incubation at 37°C for 30 minutes, the reaction was stopped by adding 50 µL of 12 N H2SO4. The 
sample was mixed well, and the absorbance at 540 nm was measured. The stimulation of glucose 
uptake in a treated set is calculated based on this equation:  
 

%	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑢𝑝𝑡𝑎𝑘𝑒	𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 	
([𝑔𝑙𝑢𝑐𝑜𝑠𝑒]'()*+,)+- − [𝑔𝑙𝑢𝑐𝑜𝑠𝑒])*+,)+-)	𝑥	100

[𝑔𝑙𝑢𝑐𝑜𝑠𝑒]'()*+,)+-
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Results and Discussion 
Purification of and characterization of polysaccharides from split gill mushrooms 

In this study, we extracted polysaccharides using the hot-water extraction technique and 
purified the samples using only water, ethanol, and enzymes without any harmful reagents, creating 
a safe and environmentally friendly purification protocol. 

The DEAE fractionation yielded 3 major peaks: Peak 1, Peak 2, and Peak 3, which were 
polysaccharides eluted from 0.1M, 0.2M, and 0.4M NaCl, respectively (Figure 3.1). After pooling 
the peak fractions separately, the peak samples were dialyzed against water and subsequently 
lyophilized. We found that from 1 kg of fresh mushroom, we obtained 0.3723 g, 0.0912 g, and 0.115 
g for Peak 1, Peak 2, and Peak 3 samples, respectively. These suggest that the yield of the 
polysaccharide samples per 1 kg fresh weight was relatively low. Additional analysis for the total 
proteins and total carbohydrates data are shown in Table 1. These data revealed that the Peak 1 sample 
had the highest carbohydrate content but the lowest protein. Because the goal of the purification was 
to obtain polysaccharides for experiments, we chose Peak 1 samples, which were protein-
polysaccharide complexes, for the subsequent test with the muscle cells.  

We have performed a similar protocol for the extraction and purification of polysaccharides 
from the gray oyster mushrooms [Pleurotus sajor-caju (Fr.) Sing.] (Sermwittayawong et al., 2018). 
The purification involved the use of the SEVAG reagent for the elimination of proteins from the 
polysaccharides. As a result, the Peak 1 samples was obtained without protein being detected 
(Sermwittayawong et al., 2018). Unlike our previous report, this study removed the deproteination 
step using the SEVAG reagent because it requires the use of harmful chemicals. Consequently, we 
observed a significant amount of protein present in all the peak fractions. However, one major 
discrepancy between the current and the previous study was the type of mushrooms, which do not 
share the same level of protein and carbohydrate. 

 

 
 

Figure 1: Purification of hot-water extracted polysaccharides from split gill mushroom 
(Schizophyllum commune) with DEAE Sepharose Fast-Flow column. 

 
Table 1: Characterization of the polysaccharide samples purified using the DEAE column 
chromatography (n=3) 
Samples Total carbohydrate (Ave  ± S.D.) Total protein (Ave ± S.D.) 
Input 92.70 ± 6.61 1.63 ± 0.16 
Peak 1 103.81 ± 2.39 1.52 ± 0.14 
Peak 2 82.06 ± 19.66 2.17 ± 0.10 
Peak 3 73.10 ± 18.37 2.20 ± 0.08 
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The Peak 1 polysaccharide sample stimulate glucose uptake in L6 myotubes 
 Our previous report showed that polysaccharides from gray oyster mushrooms were able to 
stimulate glucose uptake in the L6 myotubes in a dose-dependent fashion without reducing cell 
viability (Sermwittayawong et al., 2018), demonstrating the antidiabetic activity of the mushroom 
polysaccharides. These findings led us to hypothesized that the polysaccharides from split gill 
mushrooms could also stimulate glucose uptake in the muscle cells. Thus, we performed the 
experiment by incubating L6 myotubes with different concentration of Peak 1 sample (62.5, 125, 250 
and 500 µg/mL). Five hundred nanomolar insulin and one millimolar metformin were included as a 
positive controlfor the assay. After treating the cells for 48 hours, the media were collected for a 
glucose assay, and the cells were used to examine their viability. Results in Figure 2A show that all 
the treatments confer the cellular viability greater than 80%, suggesting that the polysaccharide 
samples do not affect to the viability of the muscle cells.  

In addition, the glucose assay that analyzed the amount of glucose remains in the media 
revealed that the increasing concentration of Peak 1 sample results in an increasing percent 
stimulation of glucose uptake in the L6 myotubes (Figure 2B), while the positive controls (insulin 
and metformin treatment sets) score a high percent stimulation of glucose uptake. Thus, these results 
suggest the antidiabetic activity of the Peak 1 sample.  

Similar experiments that analyzed the antidiabetic activity of polysaccharide samples with 
myotubes have been performed. For example, a previous study found that Astragalus polysaccharides 
(APS) dose-dependently stimulated glucose uptake in L6 myotubes by activating AMP-activated 
protein kinase (AMPK) complex (Liu et al, 2013). Consistently, our group found that polysaccharides 
from gray oyster mushrooms also activate the AMPK complex, which promotes glucose to be 
transported into the cells (Patninan et al., 2023). Therefore, we hypothesize that the Peak 1 sample 
also promote glucose uptake through AMPK-dependent pathway. This hypothesis remains to be 
tested in our future experimentation.  
 

(A)                                                                                (B) 

 
Figure 2: Peak 1 polysaccharide sample dose-dependently stimulates glucose uptake in L6 myotubes 
without affecting cell viability. (A) shows the effect of Peak 1 sample on cell viability. (B) shows the 
effect of the sample on the stimulation of glucose uptake in the L6 cells. The experiment was 
performed at least 3 times. The chart shows the average values with the standard deviation as the 
error bars (n = 3).  
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Conclusion 
 In this study, Polysaccharides have been extracted and isolated from split gill mushroom 
(Schizophyllum commune) through hot-water extraction and purified with DEAE anion-exchanged 
chromatography, which fractionated the samples into 3 major peaks: Peak 1, Peak 2, and Peak 3 
samples. The characterization of the sample revealed that the Peak 1 sample is rich in polysaccharides 
with the least protein content, and it was chosen for the subsequent antidiabetic analysis. We found 
that Peak 1 polysaccharide sample is not toxic to L6 myotubes and stimulated glucose uptake in the 
cells in a dose-dependent manner. Therefore, these results demonstrate the antidiabetic activity of 
polysaccharide-protein complex from split gill mushrooms, which could potentially be used to treat 
diabetes mellitus.  
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Abstract: 
Over 41 million people worldwide die from NCDs (non-communicable diseases) annually, 

the majority of which occur in low- and middle-income countries. Social media has become a critical 
platform for individuals to share experiences and access information about NCDs. Social (media) 
listening offers valuable insights by analyzing user discussions, but existing tools are closed-source 
and commercial. This study seeks to simplify the extraction of NCD-related knowledge from social 
media, making it easier for the public to understand and access information. It also explores how the 
NCD community shares its lived experiences online. We proposed an open-source social (media) 
listening tool called NCDs Listener, which is available as an open-source project. The NCDs Listener 
to collect, analyze, summarize, and visualize data. Comments in Thai or English about NCDs can be 
collected from public posts. This time, we studied the characteristics of comments from Facebook 
and Reddit posts that mentioned NCDs to demonstrate the NCDs Listener tool. Use keyword 
matching and the BERT Model to extract knowledge from comments. The preliminary data was 
analyzed using descriptive statistics. Additionally, a Generative AI model summarizes the extracted 
knowledge in human-readable sentences. Our NCDs Listener tool is open-source and can extract 
knowledge related to NCDs. This knowledge can be used as a guideline for treatment or the 
development of effective care to meet patients’ needs. Our findings demonstrate that aggregated 
social media data not only provides immediate insights but also serves as a springboard for advanced 
statistical analyses and cutting-edge data science approaches, opening new avenues for understanding 
complex social phenomena and predicting emerging trends. 
 
Keywords: Social listening; Non-communicable diseases; Text classification; Data visualization; 
Generative AI 
 
Introduction 

Non-communicable diseases (NCDs) are chronic conditions caused by unhealthy lifestyles, 
with cardiovascular diseases being the highest, followed by cancers, chronic respiratory diseases, and 
diabetes (1).  Treatment decisions for NCDs often involve a variety of concerns, such as 
understanding contributing behaviors, recognizing symptoms, and determining effective 
interventions. While information on NCDs is abundant, accessible and layman-friendly platforms 
remain limited. Social media has recently played a key role in educating patients, building peer 
support networks, and sharing experiences (2). 

Social (media) listening studies have primarily focused on developing systems that analyze 
sentiment and track trending topics (3). Plenty of research has been conducted through social listening 
tools. However, the tools, such as Brand24 and YouScan (4), require expensive monthly 
subscriptions, which makes them inaccessible to the general public or independent researchers. 
Furthermore, these tools are often designed to cater to large organizations, limiting their applicability 
to individuals who wish to analyze social media data on a personal level (4). We developed an open-
source tool to analyze public social media posts about NCDs and present the extracted insight as a 
dashboard. This helps researchers study how the NCD community shares their real-life experiences 
while reducing the time needed to find relevant information and improving public access to 
understanding these conditions. The primary distinction between the NCDs Listener and other 
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existing social media listening tools are as follows; NCDs Listener supports Thai and English 
languages and is designed especially for extracting knowledge about non-communicable diseases.  

This work highlights: 
- Developing a Web application, NCDs Listener, a social (media) listening tool, to extract and 

analyze public sentiment from NCD-related posts, displaying the data in a customizable 
dashboard. 

- Utilizing Natural Language Processing (NLP) techniques and Bidirectional Encoder 
Representations from Transformers (BERT) to derive meaningful insights from social media 
data. 

- Integrating large language models (LLMs) to enhance the social media listening process 
 
Related Work 

Social Listening for Non-Communicable Diseases 
Many researchers are working on expanding knowledge on social media listening for non-

communicable diseases in literature, and some key contributions are providing support for finding 
user behaviors and situations in different cases worldwide. Some of the essential papers are included 
in this section. 

For disease-specific social listening studies and various social media listening tools and data 
collection and analysis techniques, Rodrigues et al. (5) focused on European social media 
conversations to understand the experiences of lung cancer patients, caregivers, and healthcare 
professionals. Using Talkwalker and SocialStudio. Chauhan et al. (6) analyzed the experiences of 
melanoma patients across 14 European countries using SocialStudio and Talkwalker. They identified 
significant impacts on patients' daily lives and emotions. Manuelita Mazza et al. (7) used social 
listening on Twitter, patient forums, and blogs to explore metastatic breast cancer patient experiences. 
Zinaida Perić et al. (8) investigated GVHD patient needs and lifestyles across Europe using 
Talkwalker to collect data from Twitter, Facebook, Instagram, and YouTube. The research combined 
quantitative and qualitative methods to analyze quality of life, treatment efficacy, and unmet needs. 
Our work proposed the utilization of a recent large language model technique to summarize all 
knowledge in a human-readable paragraph. 

 
Applications of Social Media Listening 
Different studies have employed various tools and techniques to analyze social media data, 

focusing on understanding public sentiment and opinions. For analysis techniques employing NLP, 
Kamaran H. Manguri et al. (9) analyzed Twitter data from the COVID-19 pandemic using the 
hashtags #coronavirus and #COVID-19. They applied NLP and Sentiment Analysis. Burzyńska J, 
Bartosiewicz A, and Rękas M. (10) used the SentiOne tool for NLP to analyze social media data on 
COVID-19 in Poland. Their analysis revealed increased public discussions and information sharing 
as the pandemic progressed.  For analysis techniques utilizing Latent Dirichlet Allocation (LDA) and 
Topic Modeling, Shoults CC. et al. (11) employed LDA and t-SNE to analyze social media 
discussions about telemedicine on Reddit and Twitter, Sanders C. A. et al. (12) conducted sentiment 
analysis and clustering of Twitter data to study public opinions on face masks during COVID-19. 
Additionally, quantitative and qualitative analysis, along with bot detection, were employed for social 
media data analysis; Spitale G., Andorno B. N., and Germani F. (13) analyzed Telegram 
conversations about the Green Pass in Italy using both quantitative and qualitative methods.  

Most research on social media listening relies on platforms like Talkwalker and SocialStudio, 
with limited use of NLP techniques such as tokenization, stop words removal, sentiment analysis, and 
topic modeling. In contrast, our open-source NCDs Listener tool uses advanced NLP methods, 
including tokenization, lemmatization, normalization, and BERT for topic classification. The tool 
provides insights through descriptive statistics, LLM-based summaries, and dashboard visualizations. 
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The NCDs Listener Tool 
Systems Design  

The NCDs Listener system was developed using Python 3.11.9 to collect, analyze, and 
summarize social media posts related to NCDs. It helps turn these posts into meaningful insights. The 
system implements a five-step workflow: 

1. Data Scraping step: When a user enters a social media post URL into the NCDs 
Listener tool, the system leverages web scraping tools like Selenium and Beautiful Soup to extract 
relevant data from the post.  

2. Data Preprocessing step: The system cleanses the collected data by removing duplicate 
comments and filtering out extremely short text entries. Preprocessed data can be exported in CSV 
format for future analysis. 

3. Knowledge Extraction step: The system employs natural language processing (NLP) 
techniques, including tokenization, stop word removal, normalization, lemmatization, keyword 
matching, and application of the Bidirectional Encoder Representations from Transformers (BERT) 
model (14) to identify the type of comments.  

4. Data Adjustment step: Users can add diseases and symptoms they wish to include or 
exclude those they do not want. The system then filters the comments based on the specified diseases 
and symptoms, tailoring the data to the user's requirements 

5. Data Visualization step: The enhanced data is summarized and displayed on an 
interactive dashboard, featuring a comprehensive summary generated by a Generative AI model. 
Users can also explore the data from a summary statistics table about the post or export the results to 
a PDF. The workflow is illustrated in Figure 1. 

 

 
Figure 1. Flow of the NCDs Listener tool. 
 
 

Artificial Intelligence Models for Insight Extraction 
In this work, we employed two AI models in the insight's extraction. First, BERT was 

used for topic classification. Second, LLMs was used for content summarization  
BERT for Topic Classification  
The system employs machine learning models to classify the types of comments, enabling 

users to identify which comments are likely to provide useful information. The BERT model was 
trained on over 3,000 NCD-related comments in Thai and English. This model can categorize 
comments into three categories: 

1. Experience Stories: Comments that share personal experiences with diseases, 
including symptoms (before or after diagnosis), treatments, and how the disease has 
affected quality of life. Such comments often cover all or at least 2 to 3 of these 
aspects. 

2. Questions: Comments that inquire about various aspects of NCDs, such as 
symptoms, treatments, or disease impacts. 
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3. Irrelevant or Non-Useful Comments: Comments that are not related to NCDs or lack 
meaningful information, such as simply stating the name of a disease or unclear 
descriptions of symptoms. 

Large Language Model (LLM) for Summarization 
We integrate Generative AI for comment summarization, employing the Google Gemini 

1.5 flash model through LangChain (15). This approach applies to a method called Retrieval-
Augmented Generation (RAG) to ensure accurate domain-specific and minimize hallucinations in 
Generative AI. Within the NCDs Listener system, the Generative AI’s question-answering capability 
relies on a predefined set of questions to guide Gemini in generating summaries. Each comment 
summary reflects the characteristics of the overall community alongside suggestions and noteworthy 
information related to NCDs. 

Prompt template and predefined questions: The prompt template serves as a structured 
framework to guide the responses of Generative AI. In this context, Generative AI addresses inquiries 
based on the aggregated comments and responds in English. For predefined questions, the generative 
AI delivers responses in both Thai and English to meet specific contextual requirements. 

 
A Case Study: Lung Cancer Knowledge from the Crowd 

To show the functionalities of the NCDs Listener tool, we focused on lung cancer as a case 
study. For this analysis, three cancer-related Facebook posts (16-18) were chosen, including a news 
post discussing cancer mortality rates, a post from a cancer community group, and a personal 
experience-sharing post. These posts collectively contained 1,797 comments, subsequently filtered to 
identify 30 comments specifically mentioning lung cancer. The system's data visualization and 
discovery capabilities were demonstrated through results such as knowledge extraction via keyword 
matching, classification using the BERT model, and Generative AI-based summarization using 
Google Gemini. 

Results of Knowledge Extraction 
From the data analysis and demographic characteristics of the commenters on the three 

Facebook posts (16,17,18) mentioning lung cancer, Figure 3A showed that 21 comments, or 
67.74% of all comments (n=31), were classified as real experience sharing. However, a large portion 
of the comments consisted of name tagging and encouragements, which were classified as not 
informative. Regarding gender distribution of the patients, as shown in Figure 3B. 24 comments, or 
77.40% of all comments, included identifiable gender information, with the majority being males 
(48.40% of comments specific to gender). It is expected that the reason for identifying a large number 
of male patients may be because the commenters were females who wanted to share their experiences 
about close individuals such as grandfathers, fathers, husbands, and brothers, who are groups of 
people with the highest risk behaviors for lung cancer, such as smoking, alcohol consumption, 
working in close proximity to pollutants such as construction sites. (19, 20) 

 

 
Figure 3. Data visualization shows the demographic characteristics of the commenters; (A) types of 
comments shared by commenters; (B) gender proportion of commenters. 



 
 

Proceedings of the 2025 International Symposium for Agricultural Biomedical Research Network  
Page | 128 

An in-depth analysis using the NCDs listeners revealed that the most mentioned pre-lung 
cancer lifestyle behavior was non-smoking (10 comments). However, some comments included other 
behaviors such as smoking, not drinking, and exercising, as shown in Figure 4A. The results reflect 
that the actual causes of lung cancer may not correspond to the generally accepted risk factors, such 
as smoking, for lung cancer. (5, 21) Furthermore, Figure 4B indicates that three treatment options 
were mentioned: Chemotherapy (5 comments), Surgery (2 comments), and Radiation Therapy (1 
comment). This reflects the perspective that lung cancer is commonly treated with chemotherapy and 
surgery, aligning with the public perception that these are the primary methods of cancer treatment. 
(21, 22) 

 

 
Figure 4. Data visualization shows the relevant cancer chart; (A) patient behavior shared by 
commenters; (B) treatment mentioned by commenters. 
 
 

Summarization by the Generative AI Model 
While visual data summarization can provide valuable insights, it may not deliver 

comprehensive conclusions for users. We propose utilizing Generative AI for data summarization 
based on RAG principles to enhance efficiency. This approach prioritizes accuracy management and 
minimizes hallucinations by leveraging comments related to lung cancer. The use of comments as 
meticulously crafted recommendation templates direct data to ensure maximum relevance and 
precision: 

 “Answer the question based only on the following context: {context} Question: 
{question} Respond in the same language.” 

The result of the comment summary will be generated based on the question as follows: 
“Would you summarize the key characteristics of the comments?” 

Finally, the results are summarized in a text format that is linked to the user's desired 
comment (the comment that mentions lung cancer) as follows: 
 
“The comments express a range of opinions and experiences related to lung cancer, predominantly 
focusing on the seemingly unpredictable nature of the disease.  Many commenters express surprise 
and concern that lung cancer can affect non-smokers,  healthy individuals, and even those who 
exercise regularly.  There's a significant amount of shared personal experience, including stories 
of loved ones battling or succumbing to the disease, and a search for understanding regarding its 
causes.  Genetic predisposition, environmental factors like PM2.5 and asbestos, and even 
seemingly unrelated factors like diet are discussed as potential contributing elements.  Overall, the 
online conversation reflects a mixture of fear, empathy, and a quest for answers regarding lung 
cancer's etiology” 

 
Based on both the visualization results and the summary of comments generated by 

Generative AI, most comments predominantly reflected the experiences of others, most commonly 
men, whose pre-cancer behavior was primarily as non-smokers. Discussions on treatment mainly 
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focused on chemotherapy. However, the majority of comments expressed concern about the 
possibility of developing cancer, even among healthy individuals or non-smokers. 
 
Discussion & Conclusion 

The NCDs Listener web application is designed to monitor social media data related to NCDs. 
The results incorporate social data obtained through keyword matching, BERT-based comment 
extraction, and Generative AI-based comment summarization for comprehensive insights, enabling 
users to understand societal contexts better. This application is a valuable tool for researchers studying 
the social characteristics of diseases of interest (5-7). Unlike existing tools primarily focused on 
marketing (3), this tool adopts a knowledge extraction approach that combines keyword matching 
with BERT to identify significant data characteristics. It sets it apart from most current research, 
emphasizing pre-trained models for analyzing emotional responses in comments (5,9,10). 
Furthermore, the NCDs Listener employs data visualization to present its findings, aligning with 
methodologies used in comparable studies (5,7,9,10). 

Social media serves as a vast and continually evolving source of information, making social 
media information sources highly significant and valuable in addressing the needs of the masses. The 
information derived from social media encompasses both primary and in-depth data, which can be 
utilized to generate knowledge for the public and is crucial for developing effective methods or tools 
that cater to these needs. However, gathering and analyzing meaningful insights from many 
individuals is resource-intensive. Consequently, tools have been developed to assist in collecting, 
analyzing, and summarizing, known as social listening (media) tools.  

The NCDs Listener tool was developed to collect and summarize basic and in-depth 
knowledge about NCDs data from social media. This tool utilizes keyword matching and BERT to 
classify the characteristics of comments and employs Generative AI to generate knowledge by 
summarizing comments related to social characteristics. Moreover, the RAG principle enhances 
accuracy and minimizes hallucination in Generative AI outputs. Additionally, the tool presents 
insights through data visualization, enabling users to comprehend the social characteristics and 
insights of NCDs effectively.  

This tool is designed to assist doctors, researchers, and the general public address various 
problems. For instance, it enables doctors to conduct surveys by posing questions to gather public 
opinions comprehensively. Additionally, it aids doctors and researchers in studies related to treatment 
by collecting data from social media and filtering opinions relevant to specific diseases of interest. 
Lastly, the tool facilitates information communication to the general public, enabling them to read, 
interpret, and summarize with clarity. It can serve as a resource for learning or supporting initial 
decision-making concerning non-communicable chronic diseases. 
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Abstract: 
The manner of death (MOD) determination is a crucial step in forensic investigations. The 

decision of MOD is based on scene investigation, autopsy, histological and toxicological findings. In 
complicated suicide cases, these evidences may be insufficient to determine the MOD and need 
potential biomarkers to help judicial determinations. This study aimed to identify potential blood 
biomarkers for categorizing suicide and non-suicidal death. Heart blood samples were collected from 
suicide (n = 45) and non-suicide cases (n = 45) and metabolomic profiles were measured using proton 
nuclear magnetic resonance spectroscopy. 209 metabolites were investigated in heart blood and 19 
metabolites were significantly different between the groups (p < 0.05). Particularly, 4-
Hydroxyproline and sarcosine significantly decreased in the suicide group, while heparan sulfate 
significantly increased (p < 0.01 and q = 0.04). The Receiver Operating Characteristic (ROC) curve 
was utilized to evaluate the performance biomarkers. 4-hydroxyproline, sarcosine and heparan sulfate 
closely related to the suicide with areas under the curve (AUC) values of 0.73 (95% CI: 0.61–
0.83),0.72 (95% CI: 0.60–0.81), and 0.71 (95% CI: 0.60–0.82), respectively. These indicate that 4-
hydroxyproline, sarcosine and heparan sulfate are potential blood biomarkers for classification 
suicide and non-suicide cases. This finding highlights the potential of these biomarkers to aid forensic 
pathologists in determining MOD in suicide cases. Further study on developing predictive models 
using these metabolites could enhance forensic investigations and contribute to public health and 
suicide prevention. 

 
Keywords: Suicide; Suicide biomarkers; Forensic metabolome; Manner of death; Metabolomics 
 
Introduction  

Suicide is an important global public health issue. It is estimated that approximately 700,000 
individuals die by suicide annually(1). Under Thai law, the cause of death and the manner of death 
(MOD) must be investigated, especially in cases of unnatural death. The manner of death is generally 
classified into homicide, suicide, accident, natural and undetermined. The correct manner of death is 
important information for the victim’s family, law enforcement, research, public health policy and 
insurance matters. The scene has been changed by close relatives to disguise the true nature of the 
event, most often for religious or insurance purposes. Moreover, complicated suicide cases need more 
information and evidence to conclude the manner of death.   

Signs of a struggle, suicide notes, closed-circuit television (CCTV) footage, autopsy findings, 
and laboratory results serve as circumstantial evidence to assist in determining the manner of death. 
However, suicide cases occur in obscured locations leading to limited evidence. Suicide notes are 
seldom found and may not reliably establish intent. Over 90% of suicide cases are associated with 
psychiatric disorders, substance abuse, anxiety disorders, and schizophrenia(2). 

In cases without a history of psychiatric disorder or stress, this situation can raise questions 
from relatives, law enforcement, and legal professionals. Relatives may reject suicide determination 
and sometimes allege homicide, often directing suspicion toward the last person who interacted with 
the deceased. Thus, a precise manner of death determination is crucial for establishing the truth and 
ensuring justice. 

mailto:churdsak.j@cmu.ac.th
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Biomarker discovery has become a crucial area of research and focuses on identifying 
distinctive features that signify specific diseases or behaviors. Recently advancements in 
metabolomics, the study of small molecules involved in metabolic processes, enable researchers to 
investigate biochemical changes linked to various pathological conditions to identify disease 
biomarkers(3). Prior research has explored metabolomic changes in living individuals with 
psychiatric disorders, and few studies have focused on post-mortem cases. Using metabolomic 
profiles from living subjects cannot be applied in forensic cases because of the post-mortem interval 
(PMI) effect. Therefore, biomarkers related to MOD should be developed to assist forensic 
pathologists and legal professionals’ decisions. This study aims to identify the potential biomarkers 
to differentiate between suicide and non-suicide cases using blood metabolomics.  

 
Materials and Methods 
Chemical and reagents  

Acetonitrile, deuterium oxide (D₂O) and 3-(trimethylsilyl)- [2, 2, 3, 3-d4]-1-propionate 
sodium salt (TSP) were procured from Sigma-Aldrich (St. Louis, MO, USA).  

 
Subjects and study design   

This study was approved by the Ethics Committee of the Faculty of Medicine, Chiang Mai 
University, Thailand (the study code: FOR-2566-0234). Informed consent was received from close 
relatives before specimen collection. This study included autopsy cases conducted at the Department 
of Forensic Medicine, Faculty of Medicine, Chiang Mai University, between June 15, 2023, and May 
31, 2024. The deceased aged greater than 60 years, inconclusive manner of death, presenting signs of 
decomposition, and instances where heart blood samples could not be collected were excluded. The 
study groups comprised suicide (n = 45) and non-suicide groups (n = 45).  

 
Collection and preparation of heart blood specimens 

A 3-milliliter heart blood sample was collected in a heparin tube and stored at -80 °C until 
analysis. The samples were extracted using acetonitrile according to the Somtua method(4). The 
blood sample was transferred to a plastic tube and extracted with acetonitrile at a 1:3 ratio. The 
solution was shaken for 10 minutes and subsequently centrifuged at 4000 RPM at 4 °C for 10 minutes. 
The supernatant was isolated and lyophilized. The 0.6 mL of 0.1 mM TSP prepared in D₂O was used 
to re-dissolve the dry sample. Metabolite levels were analyzed using a 500 MHz NMR, applying a 
technique to water suppression.  

 
Acquisition parameters 

The proton NMR (1H-NMR) spectrum was acquired on a Bruker AVANCE 500 MHz 
instrument (Bruker, Bremen, Germany) equipped with a Carr-Purcell-Meiboom-Gill (CPMG, RD-
90°, (t-180°), n-acquire) pulse sequence for 1H-NMR analysis. Spectra were collected at 27 °C using 
water suppression pre-saturation, with the following parameters: 16 scans, a 1-second relaxation 
delay, a 3.95-second acquisition time, an 8278.146 Hz spectral window, a 0.126 Hz resolution for 
free induction decay (FID), and a 60.40 microsecond dwell time (DW). A 90° pulse was applied with 
16 signal averages (NSAs). Baseline and phase corrections were conducted using TopSpin 4.0.7 
software. The spectra ranging from 0.00 to 12.00 ppm were analyzed, with data normalized to the 
total integrated area. Metabolite resonances were identified using human metabolome databases(5) 
and TSP was used as an internal standard to quantify 24 energy-related metabolites throughout all 
samples. 

 
Internal standard and quality control 

TSP was designated as the internal standard due to its distinct location at 0.000 ppm and its 
emergence from a region of higher magnetic field intensity compared to other protons. Quality control 
(QC) samples were developed by equally mixing portions of each blood sample and ensuring 
consistent preparation. These specimens were then processed identically into the primary samples 
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through all previously detailed steps. Non-targeted metabolomic analysis was performed using the 
specified methods. 

 
Peak assignment and chemical identification  

Each chemical compound was identified using the Human Metabolome Database (HMDB), 
accessed in June 2024. Peak acquisition and J-coupling analysis were performed using Bruker 
TopSpin software, version 4.0.7. The interpretation of the NMR spectra was based on chemical shift 
values, spin-spin coupling, signal patterns, and coupling constants. Non-targeted metabolites were 
matched and the chemical shift of the center peak was less than 0.01 ppm against the HMDB database. 

 
Calculation of non-targeted metabolite concentration by quantitative NMR  

The data were imported into MNOVA Software (version 12.0.0, MestreLab Research, Spain) 
for intensity analysis and identification. The TSP peak was identified and determined at 0.000 ppm. 
The intensity of the 209 spectra in the chromatogram was identified. Subsequently, the intensity of 
all metabolite peaks was converted to concentrations using the equation (6) demonstrated below: 

 
I!
I.
=
H!
H.

×
C!
C.

 

 
Where, I = Signal intensity (Integral), H = Number of protons in a functional group, C = 

Concentration (µM). 
 

Analysis of specific blood metabolomics and biomarkers 
The MetaboAnalyst 6.0 free online tool, accessed on September 1, 2024, was used for 

metabolomics data analysis. Two classes, non-negative numbers for the compound concentrations or 
peak intensity values, and missing value imputations were checked before data analysis. The data 
were normalized using quartile, log-transformed (base 10), and auto-scaled for data scaling. The 
difference in metabolite between suicide and non-suicide groups was analyzed using Partial-least 
square discriminant analysis (PLS-DA). Variable importance in projection (VIP) was applied for the 
Importance measure analysis. Wilcoxon rank-sum tests were processed by choosing equal group 
variance, non-parametric tests, raw, and a p-value threshold of 0.05 to determine significant 
metabolite differences between suicide and non-suicide groups. The program automatically 
calculated the p-value and false discovery rate (FDR) in this step. The study applied Receiver 
Operating Characteristic (ROC) curve analysis to evaluate the specific biomarkers to distinguish 
between the groups. The ROC curve is widely recognized as an effective evaluation tool, providing 
a comprehensive, threshold-independent, and visually intuitive method for assessing the 
discriminative power of biomarkers. The power of the biomarkers is represented by the area under 
the curve (AUC) as a single, interpretable overall performance metric. The AUC was calculated using 
classical univariate ROC curve analysis to assess the ability of specific biomarkers to differentiate 
between the suicide and non-suicide groups. Metabolites with an AUC greater than 0.7 are considered 
to have acceptable discriminative ability, while those with an AUC less than 0.7 are considered to 
have fair discriminative ability. Therefore, only metabolites with an AUC greater than 0.7 should be 
considered as biomarkers. 
 
Statistical analysis  

  The Kolmogorov-Smirnov test was analyzed to evaluate the normality.  The data are presented 
as quartiles. The differences in central tendency between the two groups were analyzed using 
Wilcoxon rank-sum tests using MetaboAnalyst 6.0 as aforementioned. Differences in categorical 
variables, including sex, non-communicable diseases (NCDs), psychiatric disorders, illegal drug use, 
and alcohol consumption, in the demographic data of subjects between the suicide and non-suicide 
groups were analyzed using the Chi-square test. An independent samples t-test was applied to 
evaluate differences in age and BMI between the two groups. 
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Results and Discussion 
Demographic data of participants 

Ninety cases were divided into two groups: the suicide group (n = 45) and the non-suicide 
group (n = 45). The causes of death in the suicide group included hanging (56%), carbon monoxide 
poisoning (22%), pesticide intoxication (11%), gunshot injury (4%), falls from height (4%), and 
exsanguination (3%). The non-suicide group included cases of homicide, natural death, and accidents. 
Psychiatric disorders were determined based on medical history, information provided by the 
deceased's relatives, or the presence of psychiatric drugs in the blood samples. The number of males, 
age, body mass index (BMI), non-communicable diseases (such as diabetes mellitus, hypertension, 
and dyslipidemia), exposure to illegal drugs (particularly methamphetamine and THC), and alcohol 
drinkers between the groups did not significantly differ. For the number of psychiatric disorders 
between the two groups, the suicide group included 17 cases compared to 7 cases in the non-suicide 
group. The number of psychiatric disorders was significantly greater in the suicide group than in the 
non-suicide group. The data are presented in Table 1. 

 
Table 1. Demographic data of suicide and non-suicide group. 

Factors Suicide (n=45) Non-suicide (n=45) p-value 
Sex: Male (%) 32 (71%) 36 (80%) 0.33 
Age (year-old) 41±9.9 40.2±12.4 0.49 

Body mass index (kg/m2) 23.08±4.39 24.37±4.86 0.19 
Noncommunicable diseases 12 (26.7%) 7 (15.6%) 0.20 

Psychiatric disorder 17 (37.8%) 7 (15.6%) 0.02* 
Illegal drugs users 3 (6.7%) 8 (17%) 0.11 
Alcohol drinkers 20 (44.4%) 16 (35.6%) 0.40 

Continuous variables are presented as mean ± SD, and p-values were calculated using the independent samples t-test. 
Categorical variables are presented as numbers in each group, and p-values were calculated using the chi-square test.  
* Significant difference between the groups. 

 
 

Several factors including time since death, sex, age, chronic diseases, and drug use impact on 
forensic metabolomic analysis(4, 7). In this study, sex, age, body mass index (BMI), non-
communicable diseases (NCDs), illegal drug use and alcohol consumption did not differ between the 
suicide and non-suicide groups. However, the number of psychiatric disorders was significantly 
higher in the suicide group compared to the non-suicide group. Psychiatric disorders, particularly 
mood disorders, are major risk factors for suicide(2). 

 
Identification of specific blood biomarkers associated with suicide cases   

This is the first study to investigate the complete suicide metabolomic profiles to identify 
potential biomarkers for differentiating suicides from non-suicides in forensic cases. In post-mortem 
cases, the metabolomic profile may be influenced by the PMI. However, there is limited data on post-
mortem metabolomics, especially 4-hydroxyproline, sarcosine, and heparan sulfate. 

All 209 metabolites were analyzed using partial least squares discriminant analysis (PLS-DA) 
to assess the metabolomic profile for each group, with the results shown in Figure 1. (A). PLS-DA 
component 1 (8%) is represented on the X-axis, and component 2 (11.2%) on the Y-axis. There are 
some separate areas of metabolic profiles between the suicide and non-suicide groups. It revealed 
specific metabolomic profiles that can differentiate suicide cases from non-suicide cases. Therefore, 
variable importance in projection (VIP) scores were used to evaluate the specific metabolites between 
the groups. The metabolites which had VIP scores more than 1.0 were considered potential 
biomarkers. The top 15 VIP score values of metabolite including 4-hydroxyproline, sarcosine, 
heparan sulfate, pyridoxamine, biopterin, citrulline, 5-carboxycytosine, triglycerides, malic acid, 
cytidine, thymine, N-acetyl-D-glucosamine, epinephrine, and L-histidine are shown in Figure 1. (B). 
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Figure 1. Metabolomic profile of suicide and non-suicide cases. (A) PLS-DA analysis of suicide and 
non-suicide cases. (B) The top 15 metabolites with the highest VIP scores. The data were analyzed 
using the MetaboAnalyst 6.0 online tool. 

 
 
The t-test identified significant differences in metabolite levels between the two groups, with 

19 metabolites showing p < 0.05 (details in Table 2). After FDR correction, 4-hydroxyproline and 
sarcosine were significantly lower in suicide cases, while heparan sulfate was higher (p < 0.01,               
q = 0.04). ROC analysis confirmed biomarker performance: AUC 0.73 (95% CI: 0.61–0.83) for           
4-hydroxyproline, 0.72 (95% CI: 0.60–0.81) for sarcosine, and 0.71 (95% CI: 0.60–0.82) for heparan 
sulfate (Figure 2). These metabolites, with AUCs exceeding 0.7, demonstrated potential for 
differentiating suicide from non-suicide. Lower AUCs for other metabolites may reflect variations in 
ancestry, diet, living conditions, or post-mortem intervals.  
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Table 2. Nineteen significantly different metabolites between the suicide and non-suicide groups 

Metabolites 
Suicide Non-suicide 

p-value q-
value Q1 Q2 Q3 Q1 Q2 Q3 

4-Hydroxyproline 30.29 64.42 273.83 43.24 145.66 325.43 <0.001 0.04* 
Sarcosine 14.15 26.99 103.30 19.02 38.46 162.44 <0.001 0.04* 

Heparan sulfate 6.18 16.23 61.47 6.28 16.50 59.03 <0.001 0.04* 
Triglyceride 9.32 19.46 57.61 8.37 22.00 48.72 <0.001 0.19 

N-acetyl glycine 31.37 82.17 331.90 41.51 104.72 395.80 0.01 0.39 
Acetoacetic acid 23.24 58.11 198.12 32.74 64.66 302.48 0.01 0.39 

GALa 13.18 24.83 113.24 17.62 39.83 170.55 0.01 0.44 
Cholesterol 11.78 31.45 89.03 13.02 28.46 85.27 0.02 0.44 
Ornithine 256.35 470.58 1103.87 244.09 589.04 1590.79 0.02 0.44 
Thymine 15.16 33.45 218.52 19.98 54.05 263.57 0.03 0.44 

Malic acid 70.13 152.07 522.16 54.67 170.75 497.58 0.03 0.44 
Pyridoxamine 25.71 80.37 186.78 31.77 83.48 236.95 0.03 0.44 

SnGb 6.63 21.44 77.22 8.14 18.39 69.69 0.03 0.44 
Hypotaurine 27.48 57.29 227.59 30.47 63.73 173.25 0.03 0.44 

Biopterin 15.80 24.78 121.33 21.05 44.12 162.01 0.03 0.44 
Acetyl-CoA 3.87 24.23 62.95 4.84 12.13 57.58 0.03 0.44 
L-Histidine 2.99 5.20 28.39 4.36 10.05 45.03 0.04 0.48 

L-Cystathionine 24.65 68.50 177.43 26.51 66.06 191.00 0.05 0.48 
5-Carboxycytosine 3.15 5.94 34.23 4.44 9.19 51.28 0.05 0.48 

aGAL is Gamma-aminobutyryl-lysine 
bSnG is Sn-glycerophosphocholine 
*Significant differences between the groups after FDR (q-value) were evaluated using MetaboAnalyst 6.0. 
The data is presented as quartiles. The difference in central tendency between the two groups (p-value) was assessed 
using Wilcoxon rank-sum tests.  
 

 
Figure 2. ROC curves for 3 metabolites with AUC values more than 0.7 and p-values less than 0.01. 
(A) 4-Hydroxyproline: AUC = 0.73, 95% CI = 0.61–0.83., (B) Sarcosine: AUC = 0.72, 95% CI = 
0.60–0.81., (C) Heparan sulfate: AUC = 0.71, 95% CI = 0.60–0.82. The data were analyzed using 
classical univariate ROC curve analysis through MetaboAnalyst 6.0 online. 
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 4-Hydroxyproline, a proline derivative, is produced by hydroxylation in collagen and serves 
as an important precursor for glycine, which is necessary for glutathione synthesis, DNA, heme, and 
proteins and scavenges reactive oxygen species. Previous studies in living subjects have shown a 
correlation between hydroxyproline and proline levels in urine with mental health issues, including 
stress and anxiety, suggesting a relationship between chronic stress and mental health(8, 9). This 
study found lower 4-hydroxyproline levels in suicide cases compared to non-suicides, with no 
existing evidence linking decreased 4-hydroxyproline specifically to suicide or postmortem 
conditions. However, research in rat models shows a significant drop in hydroxyproline levels in 
skeletal muscles as the postmortem interval (PMI) increases, reflecting collagen breakdown after 
death(10). 

Our results revealed decreased sarcosine levels in suicide cases compared to non-suicide 
cases. In living subjects, sarcosine (N-methyl glycine) is a type 1 glycine transporter inhibitor that 
enhances glutamatergic neurotransmission(11). The glutamatergic system dysfunction has been 
observed in cases of major depressive disorder(12). The decreased levels of sarcosine found in our 
study are linked to the psychological and physiological stressors that may lead to suicide. These 
findings are consistent with previous studies in living subjects(11-13), which report decreased 
sarcosine levels in suicide cases, suggesting that PMI does not influence these levels. 

Our study observed elevated heparan sulfate levels in complete suicide cases. Heparan sulfate, 
a sulfated polysaccharide, is present on cell surfaces and within the extracellular matrix in various 
proteoglycan forms. It plays an important role in both neuroinflammation and systemic inflammatory 
responses(14). Inflammation is associated with the pathophysiology of suicide through various 
mechanisms(15). The increased heparan sulfate levels in our study may reflect neuroinflammatory or 
systemic inflammatory processes associated with suicide. 

Sarcosine and heparan sulfate levels are consistent in both living and postmortem subjects, 
while 4-hydroxyproline shows a different pattern, possibly influenced by PMI. This may result from 
postmortem metabolic changes in 4-hydroxyproline, though human data is lacking. Sarcosine and 
heparan sulfate not only aid in suicide classification but also provide insight into biochemical 
pathways linked to suicidal behavior. 

This study identified potential biomarkers to differentiate between suicide and non-suicide, 
showing promise in forensic applications. The research was conducted on subjects with a PMI of less 
than 24 hours in Thailand. Future studies should examine suicide cases with a PMI greater than 24 
hours, different populations, or under varying environmental conditions. Additionally, research on 
predictive models for distinguishing suicide from non-suicide is needed to further develop a tool to 
assist forensic pathologists and legal professionals in determining MOD. 

 
Conclusion 

4-hydroxyproline, sarcosine and heparan sulfate are key blood metabolites that significantly 
differ between suicide and non-suicide cases, presenting a novel approach to forensic investigation. 
This finding underscores the potential of these biomarkers to help forensic pathologists determine 
MOD in cases of suicide. Further study to develop model prediction as the tool for MOD 
determination in suicide cases using these metabolites is valuable for forensic applications. This 
approach not only enhances forensic investigations but could also inform public health and suicide 
prevention strategies by identifying biomarkers associated with suicide risk.  
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Abstract: 
Sex is an important factor for person identification in forensic science. Bone is a static tissue 

and the most likely to remain intact through decomposition processes. Debris bone samples have 
limited utility for sex identification and need effective methods for investigation. Proton- nuclear 
magnetic resonance spectroscopy (1H-NMR) uses a small sample and does not destroy the samples. 
The aim of this study was to identify potential biomarker in bone for sex identification by using 1H-
NMR metabolomic technique. Bone samples were collected from male (n = 62) and female (n = 60). 
The sponge rib bone was digested and lyophilized before analysis with 1H-NMR. The sponge rib bone 
contained 197 Chemical compounds. L-glyceric acid and 2-Aminoadipic acid was higher in males 
(p<0.01; q =0.01). Conversely, L-aspartic acid was higher in females (p=0.04). L-glyceric acid, 2-
Aminoadipic acid, and L-aspartic are specific and can apply for sex determination. ROC curve 
analysis was revealed that L-aspartic acid is the best compound for sex differentiation (AUC=0.76). 
These findings may result from different metabolomic pathways in both sexes, such as LDH activities, 
the production of pituitary hormones, and mitochondrial functions. In conclusion, the 1H-NMR-based 
bone metabolomics signature has potential for sex determination. Further large-scale studies are 
needed to validate the specificity and sensitivity of these biomarkers for distinguishing between male 
and female. 
 
Keywords: Sex; Metabolomics; Rib; NMR; Forensic metabolomics 
 
Introduction 

Bone is an important component of the musculoskeletal system(1) and the strongest tissue in 
the human body. The bone has an active metabolism within bone tissue, especially the living cells in 
the bone marrow. Bone consists of two main components: cortical bone and cancellous bone. The 
bone marrow, located in the cancellous bone, contains cells vital for bone homeostasis, such as 
osteoblasts, involved in bone formation; osteoclasts, which facilitate bone resorption; and 
hematopoietic cells, which produce blood cells(2).  

The skeletal remains of an unknown individual can be challenging to identify using 
conventional methods, such as DNA analysis and anthropological studies, especially when the bone 
is fragmented(3). In these circumstances, body identification is of utmost importance. Therefore, new 
reliable techniques must be developed to solve this problem and identify the deceased individual. Rib 
bones are easily accessible during a forensic autopsy because the routine process involves the opening 
of the thoracic cavity. Consequently, the collection of the rib bones can be integrated into the standard 
procedures of forensic autopsies. 

In some circumstances, especially explosions, mass disaster, and the dismemberment of bodies 
conventional methods for sex identification cannot easily to identify the unknown deceased. New 
method or specific biomarker to sex need to be developed to assist sex estimation. Sex-specific 
metabolomics in bone tissue is a modern technique and related to forensic metabolomics.  NMR 
technique is a technique requires only a small samples, thus eliminating the difficulties associated 
with using fragmented skeletal remains. Therefore, sex-specific biomarkers in human rib bones have 
the potential to be an alternative method for sex differentiation. 

Metabolomics is an -omics science that emphasizes the study of metabolites and the products 
of cellular metabolism. This field offers both qualitative and quantitative insights into metabolites 
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and explores metabolomic pathways. By analyzing metabolic profiles, metabolomics can identify 
biomarkers for various diseases, specific metabolomic pathways, and metabolic disorders(4, 5). 

Nuclear magnetic resonance (NMR) is a method that uses the magnetic properties of the 
metabolites of living cells. The method can provide information of molecules, molecular structures, 
and metabolic pathways. Proton-magnetic resonance (1H-NMR) utilizes the properties of hydrogen 
atoms in a cell to identify the compounds without destroying the samples. 

Nowadays, in the field of forensic science, metabolomics studies are increasingly utilized to 
explore postmortem intervals, estimate age, determine causes of death, and conduct toxicological 
analyses(6). These studies provide the identification of potential biomarkers that can be used in 
forensic practices. However, these studies are not fully explored and are still in the research phase. 
Ongoing research is focused on developing sensitivity and accuracy for practical use(7). 

The objective of this study is to investigate potential biomarkers that can differentiate between 
male and female rib bones in the Thai population. This research will focus on the unique 
characteristics present in rib bones, utilizing 1H-NMR techniques to explore any significant 
differences that can indicate the biological sex of the individuals. 

 
Materials and Methods 
Chemical reagents 

Acetonitrile was purchased from Supelco, Merck (Darmstadt, Germany). 3-(trimethylsilyl)-
[2,2,3,3-d4]-1-propionate sodium salt (TSP) and deuteri-um oxide (D2O) were purchased from 
Sigma-Aldrich (St.Louis,MA,USA) 

 
Bone sample collection 

In this study, rib bone samples were obtained from the deceased who were autopsied at the 
Department of Medicine at the Faculty of Medicine, Chiang Mai University. This study was approved 
from the Ethic Committee of the Faculty of Medicine, Chiang Mai University, Thailand (Study code: 
HOS-2566-0322, Research ID: 0322) Rib bone samples from the 4th and 5th ribs were excised to 
approximately 1x2x0.5 cm in size. Following collection, these samples were stored at -80°C to 
preserve their integrity until further processing. Samples with no medical record or history of systemic 
illness or chronic drug use were excluded. 
 
Bone samples preparation 

The cancellous bone samples were manually extracted using a curette instrument. The extracted 
samples were then treated with 6M hydrochloric acid (HCl) at 100°C for 24 hours. Following this 
treatment, the samples were evaporated to remove water. Sub-sequently, TSP which dissolved in D2O 
was added to the dried samples to prepare them for analysis using 1H-NMR. 

 
1H-NMR analysis 

The analysis was conducted using 1H-NMR at 500 MHz with a water suppression technique. 
The parameters were set as follows: pulse sequence = 16 scans, relaxation decay = 1 second, 
acquisition time = 3.95 seconds, spectral window = 8,278.146 Hz, free induction decay (FID) 
resolution = 0.126 Hz, and dwell time (DW) = 60.40 microsec-onds. The results were the chemical 
shifts, which were selected for each individual sample. TSP was used as the internal standard for the 
analysis due to its chemical shift appearing at 0 ppm in 500 MHz ¹H-NMR. The chemical shifts were 
identified using the Human Metabolome Database (HMDB)(8), retrieved in June 2024. 

 
Data analysis 

Descriptive data analysis for age, BMI, weight, and height was analyzed using IBM SPSS 
Statistics version 27. The normality of the data was assessed with the Kolmogorov-Smirnov test. 
After the normality testing, comparisons were made using an independent t-test. 

The data retrieved from the chemical shifts were analyzed, and peaks were identified using 
MNOVA software. The baseline of the spectra was adjusted to 0, and the internal standard peak (TSP) 
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was calibrated to 0.00 ppm. Consequently, all identified chemical shifts were used to calculate 
concentrations, using the formula shown below(9). 

 
𝑰𝑨
𝑰𝑩
	= 	

𝑯𝑨

𝑯𝑩
	× 	

𝑪𝑨
𝑪𝑩

 
 

I = Signal intensity (Integral), H = Number of protons in a functional group, C = Concentration. 
 
Metabolomics measurements 

The concentration of each sample was analyzed using the online software MetaboAnalyst 
(version 6.0, http://www.metaboanalyst.ca/MetaboAnalyst). The data were classified into two groups 
(male and female). Subsequently, the data were normalized by median, log-transformed (base 10), 
and auto-scaled for data scaling. The normalized data were then analyzed using partial least squares 
discriminant analysis (PLS-DA)(7), an independent t-test, a volcano plot, and enrichment analysis. 
Enrichment analysis was conducted using KEGG human metabolic pathways (December 2023). 

 
Results and Discussion 
Descriptive analysis  

A total of 122 rib bones were collected from female (60 samples) and male (62 samples). The 
mean age at death of female group and male group are 53.1 and 49.2 years respectively with no 
statistically significant differences. The results are shown in Table 1. Both groups also show no 
significant differences in height, weight and body mass index. Therefore, these results indicate that 
both groups have similar characteristics.  

 
Table 1. Demographic data of the rib bone samples. 

 
 
Identification chemical compounds contained in rib bone 

197 chemical compounds were identified in cancellous bone of human rib bone by 1H-NMR 
technique. The group of chemical compounds that were identified are organic acid derivatives, 
organic oxygen compounds and organicheterocyclic compounds were the most abundant chemical 
compounds and presented in Figure 1. 

 
 

Parameters Female (N=60) Male (N=62) p-value 
Age (years) 53.1±16.0 49.2±17.7 0.40 
Height (cm) 155.8±6.7 167.2±7.3 0.36 
Weight (kg) 63.1±15.2 63.7±17.9 0.29 

Body mass index (kg/ m2) 26.1± 6.2 22.5± 5.0 0.21 
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Figure 1. The enrichment analysis shows the different chemical groups between male and female 
using super-class chemical structures for metabolite set library. 
 
 
Metabolomics study 

The multivariate partial least squares-discriminant analysis (PLS-DA) was implemented(10) 
and showed two defined cluster for male and female groups (accuracy = 0.88, R2 = 0.86, Q2 = 0.5, 
permutation test: p < 0.0001). The results, as shown in Figure 2, indicate a clear separation between 
female and male samples, signifying distinct metabolic profiles. The Variable Importance in 
Projection (VIP) scores plot reveals that L-glyceric acid has the highest VIP score. Independent t-test 
analysis of the identified metabolites shows 47 compounds with statistically significant differences 
(p-Value < 0.05) between male and female samples. Of these, 13 compounds remained significant 
after applying the False Discovery Rate (FDR) correction (FDR q-Value < 0.05)(11), shown in table 
2. As a result, L-glyceric acid was the most significant compound with p-value and q-value less than 
0.01. This finding suggests that L-glyceric acid has the potential to be a biomarker for differentiating 
between males and females. 

 

 
Figure 2. The PLS-DA score plot shows a distinct difference between the male (green) and female 
(pink) groups, with the female group displaying greater dispersion compared to the male group. The 
VIP score plot shows several key compounds that differentiate between the male and female groups. 
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Table 2. The independent T-test of normalized data with fold change and log2(FC) of associated 
compounds. 

Compounds Fold change Log2(FC) p-Value FDR 
L-glyceric acid 0.66 -0.61 < 0.01 < 0.01 

N-carbamoylsarcosine 0.78 -0.36 < 0.01 0.01 
2-Aminoadipic acid 0.09 -3.47 < 0.01 0.01 

Mevalonic acid 0.77 -0.38 < 0.01 0.03 
L-alanine 1.38 0.47 < 0.01 0.03 

Hydroxyprolyl-Asparagine 0.75 -0.41 < 0.01 0.03 
L-aspartic acid 2.89 1.53 < 0.01 0.04 

Glycine 0.89 -0.17 < 0.01 0.04 
Aminoacetone 0.80 -0.32 < 0.01 0.04 

Citric acid 0.82 -0.29 < 0.01 0.04 
GMP 1.01 0.01 < 0.01 0.04 

D-cysteine 1.57 0.65 < 0.01 0.04 
Xanthosine 1.93 0.95 < 0.01 0.04 

 
 
The volcano plot shows that 10 compounds were upregulated in female, while 4 compounds 

were upregulated in males. 2-aminoadipic acid has an FC of 0.09 with a log2(FC) of -3.47, indicating 
a significantly higher concentration in males. In contrast, L-aspartic acid has higher concentration in 
females with, has an FC of 2.89 with a log2(FC) of 1.53, shown in Fig 3 and Table 3. As a result, 
these findings highlight that 2-aminoadipic acid and L-aspartic acid are potential biomarkers for sex 
differentiation.  

 

 
Figure 3 The volcano plot shows the fold change (FC) of statistically significant compounds. Circles 
on the left (blue) show the compounds that upregulate in male group. Circles on the right (red) show 
the compounds that upregulate in female group. 
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The receiver operating characteristic (ROC) curve analysis was done to analyze individual 
biomarkers. The result reveals that L-aspartic acid has the highest value of area under the curve 
(AUC) at 0.76, indicating the best potential biomarker for sex differentiation. The biomarkers with 
AUC more than 0.6 were also considered to be other potential biomarkers for sex differentiation, 
shown in Table 4. The result shows that 2-Aminoadipic acid has the lowest Log2(FC) value at -4.04, 
while L-aspartic acid has the highest value with Log2(FC) of 0.95. 
 
Table 3. A list of compounds with mean±SD of unnormalized data of both groups and Fold change 
(FC) with p-value and FDR of normalized data. 

Compounds Male Female 
Fold 

change 
(FC) 

Log2(FC) p-
value FDR 

L-glyceric acid** 971.24±1168.85 409.33±382.99 0.66 -0.61 <0.01 <0.01 
N-carbamoylsarcosine 313.20±202.69 164.40±155.43 0.78 -0.36 <0.01 0.01 
2-Aminoadipic acid* 756.82±1583.00 46.12±40.74 0.09 -3.47 <0.01 0.01 

Mevalonic acid 440.90±267.45 253.53±249.57 0.77 -0.38 <0.01 0.03 
L-alanine 85.73±48.15 78.07±41.30 1.38 0.47 <0.01 0.03 

Hydroxyprolyl-
Asparagine 120.24±109.76 60.30±52.58 0.75 -0.41 <0.01 0.03 

L-aspartic acid* 24.07±20.36 46.50±34.46 2.89 1.53 <0.01 0.04 
Glycine 931.44±935.15 553.69±496.84 0.89 -0.17 <0.01 0.04 

Aminoacetone 253.33±124.56 149.55±105.32 0.80 -0.32 <0.01 0.04 
Citric acid 147.03±131.60 86.60±104.56 0.82 -0.29 <0.01 0.04 

GMP 6.07±4.35 4.02±3.60 1.01 0.01 <0.01 0.04 
D-cysteine 498.40±425.10 539.82±311.74 1.57 0.65 <0.01 0.04 
Xanthosine 9.95±9.03 12.46±8.53 1.93 0.95 <0.01 0.04 
Cysteic acid 220.09±239.39 242.80±134.35 1.69 0.76 0.01 0.09 
N2-gamma-

glutamylglutamine 23.67±26.61 22.58±12.49 1.51 0.59 0.01 0.09 

Lanthionine* 143.16±497.23 158.37±261.13 2.40 1.27 0.02 0.12 
5-methylcytosine 47.84±41.09 65.49±46.60 1.75 0.81 0.02 0.14 

L-Altruronic acid* 480.10±1392.90 77.21±90.36 0.22 -2.21 0.03 0.15 
L-lysine* 72.97±117.51 19.77±10.84 0.39 -1.36 0.03 0.17 

L-tryptophan* 4.44±5.15 6.61±5.77 2.45 1.30 0.04 0.19 
Thioguanine 7.99±7.71 7.35±4.95 1.50 0.59 <0.05 0.20 

L-2,4-diaminobutyric 
acid 427.23±374.49 577.03±583.46 1.97 0.98 <0.05 0.20 

* Indicate the compounds with Log2(FC) < -1 or > 1  
** Indicate the compound that has the highest statistically significant difference 
 

This study, the potential biomarkers for sex differentiation are L-glyceric acid, 2-aminoadipic 
acid, and L-aspartic acid.  L-glyceric acid and 2-aminoadipic acid are higher level in the male 
population, while L-aspartic acid is higher concentration in the female population. These indicate that 
males might have higher LDH activity than female leading to increase L-glyceric acid levels(12). 
There are limit data to describe the roles of 2-aminoadipic acid and L-aspartic acid on sex 
separation(13, 14). The authors suggested that higher levels of L-aspartic acid in females might be 
resulted from sex-specific mitochondrial function and production of pituitary hormones(14). In 
contrast, the higher levels of 2-aminoadipic acid in males might result from sex-specific lysine 
degradation(13). 
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Table 4. A list of compounds using ROC curve analysis for individual biomarkers with AUC (area 
under the curve) > 0.6. 

Compounds AUC p-value Log2(FC) 
L-aspartic acid 0.76 <0.01 0.95 

Cysteic acid 0.74 0.01 0.14 
5-methylcytosine 0.72 0.02 0.45 

Xanthosine 0.72 <0.01 0.32 
L-tryptophan 0.70 0.04 0.57 

N2-gamma-glutamylglutamine 0.69 0.01 -0.07 
L-alanine 0.68 <0.01 -0.14 

L-glyceric acid 0.68 <0.01 -1.25 
D-cysteine 0.67 <0.01 0.12 

Glycylsarcosine 0.67 0.03 0.08 
N-carbamoylsarcosine 0.67 <0.01 -0.93 

Hydroxyprolyl-Asparagine 0.64 <0.01 -0.99 
Thioguanine 0.63 <0.05 -0.12 

2-Aminoadipic acid 0.63 <0.01 -4.04 
Mevalonic acid 0.63 <0.01 -0.80 

L-2,4-diaminobutyric acid 0.61 <0.05 0.43 
 
 
Conclusion 

This study discovered sex-specific compounds in human rib bone tissue. Utilizing ¹H-NMR 
spectroscopy, it has the potential to differentiate between male and female samples and solve sex 
identification problem from fragmented skeletal remains. L-glyceric acid, 2-aminoadipic acid, and L-
aspartic acid as potential biomarkers for sex determination. However, these results need to apply in a 
large sample sizes and a more diverse population, including individuals with metabolic disorders and 
bone diseases, for better representation of the general population. Future studies should also 
investigate potential metabolites in practical scenarios, such as cases involving fragmented bone 
tissue, to optimize the forensic application of metabolomics for reliable sex determination. 
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Abstract: 

Personal identification is a crucial step in forensic science. In decomposed and skeletal 
remains cases are limited evidences for identification.  Underlying diseases is one factor that can use 
for personal identification. Now a day, cancer is a major cause of death then, identification of cancer 
biomarkers in remained tissue might be help in forensic identification. The aim of this study was to 
investigate the potential cancer biomarker contained in dentine using nuclear magnetic resonance 
(NMR) spectroscopy- based metabolomics. A total of 44 second molars (22 from healthy volunteers 
and 22 from cancer patients) were included. Dentine powder was prepared by removing enamel, 
pulverizing the tissue, and conducting ¹H-NMR spectroscopy. Metabolites were identified using the 
Human Metabolome Database (HMDB), and statistical methods, including Partial Least Squares 
Discriminant Analysis (PLS-DA), volcano plots, and Receiver Operating Characteristic (ROC) 
analysis, were employed to identify significant biomarkers. Thirty-six metabolites were significantly 
associated with cancer and eleven metabolites presented high potential cancer diagnostic. O-
phosphotyrosine, L-kynurenine, N-acetyl-L-phenylalanine, and 9-methyladenine, were linked to 
immune modulation pathway, nucleotide metabolism, and amino acid dysregulation. Elevated L-
kynurenine associated immune suppression and cancer activation. While 9-methyladenine and 7-
methylguanine reflected cancer-associated epigenetic changes. Integrating dentine metabolomics 
could refine cancer biomarkers for personal identification. However, a small sample size and cancer 
type heterogeneity are limitation. 

 
Keywords: Cancer biomarkers; Dentine metabolomics; NMR spectroscopy; Forensic metabolomics; 
Metabolomic profiling. 
 
Introduction 

Sex, age, ethnicity, and height are key factors for the personal identification in legal and 
forensic medicine.  In some cases, especially in advanced decomposition or trauma presents 
challenges, the personal identification is limited. Disease plays a pivotal role in personal identification 
and as it can leave distinct biochemical and metabolic signatures in biological tissues. These disease-
specific markers, often detectable through advanced techniques like metabolomic profiling, provide 
valuable insights into an individual's health status. By leveraging such unique metabolic alterations, 
forensic and diagnostic applications can more accurately identify individuals and associate them with 
specific health conditions or disease histories. Cancer, a major cause of death in Thailand, is present 
140,000 new cases and 84,000 cancer-related deaths annually.  Common cancers such as liver, lung, 
breast, cervical cancers and leukemia (1) represent significant health burdens. 

 Metabolomics, the study of small biomolecules, can identify biomarkers reflecting 
pathological conditions, exposure to toxins, or organ-specific diseases. Metabolomics is often studied 
in blood, urine, and other fluids, but research on bones and teeth is limited. Teeth, especially second 
molars, are ideal for metabolomic studies because dentine is strong and preserves long-term metabolic 
changes, including cancer markers. Dentinal tubules connect the pulp to the dentine matrix, allowing 
systemic changes to be detected. Odontoblasts enhance this process by responding to stress or disease. 

Dentine's stability makes it valuable for studying systemic metabolic changes, offering 
insights into cancer and applications in forensics and medicine. Advanced techniques like nuclear 
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magnetic resonance (NMR) spectroscopy help identify biochemical markers with minimal sample 
damage (2, 3). Studies have found many compounds in dental tissues, such as amino acids, organic 
acids, sugars, and fatty acids, with reports identifying 25 to 63 chemical components (4, 5). 
Biomolecular markers in teeth have been used to estimate age, sex(6), and causes of death (7), as well 
as to detect toxins and drugs. This study uses metabolomics and NMR spectroscopy to analyze dental 
tissues from cancer patients, aiming to improve personal identification accuracy. By combining these 
methods with traditional forensic techniques, this research advances forensic science, especially in 
cases with damaged or limited samples. 
                                                                                                                            
Materials and Methods 
Chemicals 

Hydrochloric acid (HCl) was obtained from Merck (Darmstadt, Germany). Deuterium oxide 
(D2O) and 3-(trimethylsilyl) propanoic acid sodium salt (TSP) were purchased from Sigma-Aldrich 
(St. Louis, MA, USA). 

 
Teeth sample collection 

A total of 44 non-carious permanent second molars were collected, with 22 samples from 
healthy individuals and 22 from cancer patients, all aged 20 or older. The teeth were provided by the 
Department of Forensic Medicine, Faculty of Medicine, Chiang Mai University, Thailand, under 
ethical approval (FOR-2566-0323). The samples were cleaned with saline and distilled water, dried, 
and stored at -20°C. 

 
Dentine preparation  

Samples were cleaned following Pellegrini et al., sliced into 1 mm sections using a precision 
saw, and the enamel was removed using a high-speed diamond drill. All preparation steps were 
performed under coolant conditions to prevent heat damage. 

 
1H-NMR spectroscopy  

Dentine samples were pulverized using a freezing mill and digested with 0.6 M HCl at 100°C 
for 24 hours. The lyophilized solution was mixed with 0.1 M TSP in D2O and analyzed with a Bruker 
AVANCE 500 MHz NMR spectrometer at 27°C. Peak assignments were determined using Bruker 
TopSpin software and the Human Metabolome Database (HMDB). 

 
Chemical Identification and Quantification 

Metabolites were identified using HMDB based on chemical shifts, coupling types, and other 
molecular properties, with a tolerance of ±0.02 for chemical shifts. Concentrations were calculated 
using a formula incorporating substance and TSP intensities, hydrogen counts, and TSP concentration 
(8, 9). 

 
Statistical analysis for metabolomic data                                                                                                                            

Data normalization and statistical analysis were conducted using MetaboAnalyst 6.0 with 
median normalization, log transformation, and auto-scaling to manage variability and skewness, 
ensuring comparability across samples. Median normalization minimizes outlier effects, log 
transformation compresses data range for better handling of non-normal distributions, and auto-
scaling standardizes variables for equal contribution. Partial Least-Squares Discriminant Analysis 
(PLS-DA) identified significant metabolic differences, with model reliability evaluated by R² and Q². 
R2 is value to measure of model fit to the original data, and Q2 provides an internal measure of 
consistency between the original and cross-validation predicted data. 

This method, ideal for high-dimensional data, simplifies complexity while enhancing group 
separation. Volcano plots (fold change > 2, p < 0.05) highlighted key metabolites, and Receiver 
operating characteristic  (ROC) analysis ( area under the curve (AUC) > 0.8)(10) assessed diagnostic 
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accuracy, with AUC values near 1 indicating high discriminatory power. Venn diagrams integrated 
multiple analyses to identify overlapping cancer-specific metabolites. 
 
Results and Discussion                                                                                                                                                         
Demographic data of participants  

Forty-four cases were divided equally into a healthy control group (n=22) and a cancer group 
(n=22), with cancer types detailed in Table 1. Diagnoses were confirmed using medical records and 
family information. Both groups had the same gender distribution (12 females and 10 males each) 
and similar mean ages: 54.6 ± 15.0 years for the healthy group and 55.7 ± 15.7 years for the cancer 
group. The results are presented in Table 2. 
 
Table 1. Type of cancer in cancer group   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Characteristics of healthy and cancer groups. 

Variables Healthy (n=22) Cancer (n=22) p-value 
Sex:  
Male (%) 
Female (%) 

 
12 (54.54%) 
10 (45.45%) 

 
12 (54.54%) 
10 (45.45%) 

1.000 

Age (year-old) 54.6 ± 15.0 55.7 ± 15.7 0.807 

  
Identification of specific cancer biomarkers contained in dentine samples   
 Partial Least Squares Discriminant Analysis (PLS-DA) showed differences in metabolic 
profiles between the healthy and cancer groups. Component 1 (36.7% variance) and Component 2 
(8.9% variance) revealed partial separation in the cancer profiles (Figure 2a). Out of 209 analyzed 
metabolites, 91 had VIP scores above 1, with the top 15 highlighted as key biomarkers (Figure 2b). 
Fold-change analysis identified 22 metabolites with levels more than twice as high in the cancer group 
(red spots) and 41 metabolites with levels twice as high in the healthy group (blue spots), shown in 
the volcano plot (Figure 2c). Additionally, univariate ROC analysis identified 56 potential 
biomarkers, with the top 15 showing AUC values ranging from 0.8905 to 0.94215, demonstrating 
strong diagnostic potential (Figure 3). 
                                                                                                       

Cancer Type Number of Cases Percentage (%) 
Hypopharyngeal Cancer 1 5 
Lymph Node Cancer 2 10 
Prostate Cancer 2 10 
Intestinal Cancer 2 10 
Ampulla of Vater Cancer 1 5 
Pancreatic Cancer 1 5 
Buccal Cancer 1 5 
Lung Cancer 2 10 
Salivary Gland Cancer 1 5 
Liver Cancer 2 10 
Adrenal Gland Cancer 1 5 
Unspecified Cancer 4 20 

Continuous variables are presented as mean ± SD, and p-values were calculated using the independent samples 
t-test. Categorical variables are presented as numbers in each group, and p-values were calculated using the 
chi-square test. 
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Figure 2. Metabolomic Profiles of Healthy and Cancer cases. (a.) PLS-DA analysis of healthy and 
cancer cases. (b.) The top 15 metabolites with the hightest VIP scores. The data were analyzed using 
the MetaboAnalyst 6.0 online tool. (c.) Volcano plot shows 56 metabolites with FC > 2 or < 0.5 and            
p < 0.05.  
 
 

 
 
Figure 3. The univariate receiver operating characteristic (ROC) analysis highlights the top 15 
metabolites associated with cancer. The accompanying box-and-whisker plots illustrate the relative 
concentrations of these metabolites, with red indicating cancer samples and blue representing healthy 
samples. These visualizations emphasize the significant differences in metabolite levels between the 
two groups. 
 
 
Identification of potential biomarkers related to Cancer 

A Venn diagram was used to identify potential cancer biomarkers based on three criteria: a 
VIP score >1 in the PLS-DA model, a mean metabolite concentration difference (FC > 2; p < 0.05) 
in the volcano plot, and an AUC > 0.8 in univariate ROC analysis. Out of 91, 63, and 56 metabolites 
meeting these criteria, the Venn diagram showed 36 overlapping metabolites (Figure 4). Details of 
the overlapping metabolites with an ROC > 0.9 are presented in Table 3. 
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Figure 4. Venn diagram shows data set of VIP score, volcano plot and univariate ROC analysis. The 
diagram presents 36 potential biomarkers for Cancer. 
 
 
Table 3 Overlapping Metabolites with ROC > 0.9 

 
Metabolites with ROC > 0.9, showing their names, HMDB IDs, VIP scores, fold changes, p-values, and ROC values, 
highlight their potential as significant biomarkers. 
 
 

This study identified 36 metabolites significantly associated with cancer, with 11 showing 
high diagnostic potential (AUC > 0.9). Key metabolites like O-phosphotyrosine, L-kynurenine, N-
acetyl-L-phenylalanine, and 9-methyladenine are linked to critical pathways(11), such as immune 
modulation, nucleotide metabolism, and amino acid dysregulation. These findings indicate that 
cancer cells undergo metabolic changes in several ways. Elevated L-kynurenine levels suggest 
immune evasion mechanisms(12). while 9-methyladenine(13) and 7-methylguanine(14) highlight 
epigenetic changes, including DNA methylation, that contribute to tumor progression by silencing 
tumor suppressor genes and activating oncogenes. 

Metabolites HMDB ID VIP FC p-value ROC 

O-phosphotyrosine HMDB0011185 1.8373 0.42678 1.81E-09 0.94215 
N-acetyl-L-
phenylalanine HMDB0000512 1.8314 0.28458 2.19E-09 0.94215 

N4-acetylcytidine HMDB0005923 1.7956 0.28796 6.60E-09 0.93595 

9-methyladenine HMDB0140713 1.7525 0.27112 2.26E-08 0.92769 

1-methylhistidine HMDB0000001 1.8255 0.3029 2.65E-09 0.92562 

5-HIAA HMDB0000763 1.737 0.46864 3.43E-08 0.92149 

Cinnabarinic acid HMDB0004078 1.8554 0.29414 1.00E-09 0.91942 

Inosinic acid HMDB0000175 1.7829 0.38157 9.57E-09 0.90909 

Adenine HMDB0000034 1.8191 0.30491 3.23E-09 0.90702 

L-kynurenine HMDB0000684 1.755 0.34158 2.11E-08 0.90289 

7-methylguanine HMDB0000897 1.6561 0.31652 6.83E-09 0.90289 
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This research extends beyond traditional biomarker studies in biological fluids by exploring 
dental tissues, specifically dentine, as a stable and resilient substrate for metabolomic profiling. 
Dentine’s chemical stability provides a promising alternative for diagnostic and forensic applications, 
particularly when soft tissues are unavailable or degraded. 

However, limitations exist. The study focuses on metabolic pathways like tryptophan-
kynurenine and nucleotide metabolism, which may not be as significant in all cancer types(15). For 
example, while melanoma and lung cancer may heavily depend on these pathways, other cancers, 
such as breast cancer or certain leukemias, may rely more on lipid metabolism or glycolysis. This 
variability presents challenges for universal applicability across different cancer types. Additionally, 
the inclusion of multiple cancer types in the cohort may reduce biomarker specificity, and the small 
sample size (n=44) limits the generalizability of the findings. These challenges emphasize the need 
for larger, stratified cohorts to validate results and improve biomarker accuracy. 

To increase the study's impact, we recommend integrating these findings into a broader 
systems biology framework. Mapping the identified metabolites onto cancer-specific metabolic 
networks could provide insights into pathway interactions, such as how immune modulation and 
epigenetic changes contribute to metabolic reprogramming. Combining metabolomics with other 
omics approaches, like genomics and proteomics, could offer a more comprehensive understanding 
of cancer biology and enhance biomarker specificity for individual cancer types. Future research 
should address these limitations by expanding the cohort size, stratifying samples by cancer type and 
stage, and utilizing advanced computational tools, such as machine learning, to integrate multi-omics 
data. These strategies could uncover predictive biomarkers, refine therapeutic targets, and enable 
personalized diagnostics. 

By establishing dentine metabolomics as a viable approach for cancer biomarker discovery, 
this study broadens the scope of metabolomics and offers new opportunities for non-invasive 
diagnostics and forensic applications. A systems biology perspective could further enhance our 
understanding of cancer biology, advancing precision medicine and clinical diagnostics. 

 
Conclusion 

This study demonstrates the potential of dentine metabolomics for identifying cancer 
biomarkers, emphasizing its stability and accessibility as a substrate for profiling key cancer-related 
pathways, such as immune modulation and nucleotide metabolism. By positioning dentine as a viable 
alternative to traditional soft tissues, the research expands the scope of metabolomics, contributing to 
advancements in non-invasive cancer diagnostics and forensic science. Integrating dentine 
metabolomics into multi-omics approaches could enhance biomarker specificity, uncover pathway 
interactions, and reveal novel therapeutic targets. Future research should address limitations, 
including small sample size and cancer heterogeneity, to fully unlock its potential in personalized 
medicine and forensic applications. 
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