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Abstract  

The objective of the present study was to investigate the effect of Pathavi Apo Vayo formulary extract (PAV) 

extracted by 50% ethanol on foam cell formation of macrophages (RAW264.7), in high glucose medium (HGM). Foam 

cell formation and lipid accumulation, gene expression, cytokine production, proteomic analysis, protein difference and 

protein-chemical correlation were studied using Oil Red O staining, Real-Time PCR, ELISA, Liquid Chromatography-

Tandem Mass Spectrometry (LC/MS-MS), and bioinformatics (Venn diagram and STITCH), respectively. Oxidized low-

density lipoprotein (oxLDL) was used to induce the formation of foam cells. In oxLDL induction, PAV co-treatment 

suppressed lipid accumulation in foam cells slightly, while a higher concentration of PAV (200 - 400 µg/mL) increased 

the lipid accumulation in the treated cells slightly. Similarly, PAV up-regulated the gene expressions of oxLDL receptors 

including LOX-1. However, PAV down-regulated the expression of pro-inflammatory cytokine genes including TNF-α. 

In addition, PAV also decreased cytokine production after co-treatment with oxLDL and LPS in both normal glucose 

medium (NGM) and HGM. In total 7,192 proteins were identified from 6 glucose medium conditions using shotgun 

proteome analysis, 42 of which were expressed only in HGM and HGM +400 µg/mL PAV conditions. A proteome 

mechanism during the process of PAV treatment under high glucose conditions is proposed. In conclusion, PAV could 

slightly decrease foam cell formation, but might increase lipid accumulation in foam cells when using higher 

concentrations. Therefore, this traditional medicine should be used carefully in hyperlipidemia and diabetes patients. 

 

Keywords: Pathavi Apo Vayo formulary, High glucose, oxLDL, Foam cell, LOX-1, Proteomics  

 

Introduction 

Diabetes and atherosclerosis are increasingly 

becoming global public health concerns.  

Atherosclerosis is the major cause of cardiovascular 

events, and an elevated level of circulating modified 

low-density lipoprotein (LDL) is a known risk factor of 

cardiovascular diseases [1]. Diabetes mellitus comprises 

a group of carbohydrate metabolism disorders that share 

a common main feature of chronic hyperglycemia from 

the defects of insulin secretion, insulin action, or both. 

Atherosclerosis is one of the most dangerous vascular 

complications of diabetes, a leading cause of morbidity 

and disability in type 1 and/or type 2 diabetes patients. 

Atherosclerosis risk in diabetic patients is obviously 

higher than that of non-diabetic individuals [2]. In 

addition, diabetes mellitus and atherosclerosis 

presentations are connected through several 

pathological pathways. Among the factors, the 

acceleration, dyslipidemia with increased levels of 

atherogenic LDL, hyperglycemia, oxidative stress, and 

increased inflammation are proposed [1]. Diabetes 
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mellitus possibly affects the atherogenic process and its 

relationship with chronic inflammation [1]. One 

mechanism by which high glucose conditions may 

enhance this process involves the activation of Nuclear 

Factor-κB (NF-κB), which leads to the expression of 

several inflammatory genes including adhesion 

molecules that facilitate monocyte adhesion to 

endothelial cells. Monocytes then differentiate into 

macrophages, which take up lipids (thereby becoming 

foam cells) and accumulate in the artery wall in diabetes, 

resulting in accelerated fatty streak formation [3].  

Macrophages are the key players in all stages of 

atherogenesis. Formation of foam cells that occurs in the 

initial stages of atherogenesis is a hallmark of 

atherosclerotic disease. Macrophages internalize 

oxidized low-density lipoprotein (oxLDL) by several 

scavenger receptors (SRs), such as SR-A1 and lectin-

like oxLDL receptor-1 (LOX-1), resulting in lipid 

accumulation and transformation into foam cells. LOX-

1 expression in macrophages can be upregulated by 

several stimuli, including oxLDL, high-glucose levels, 

and proinflammatory cytokines [4]. LOX-1 gene 

inactivation does not markedly modify oxLDL uptake in 

unstimulated macrophages, as LOX-1 accounts for 5% - 

10% of oxLDL uptake by these cells. However, when 

LOX-1 is upregulated, internalization of oxLDL 

increases by more than 40% [5]. High glucose 

concentrations enhance LOX-1 expression in human 

monocyte-derived macrophage; this effect is associated 

with foam cell formation through a LOX-1 - dependent 

pathway [6]. LOX-1 expression can also be induced by 

lipopolysaccharide (LPS) [7] and TNF- [8]. In 

macrophages, SR-A1 is involved in the uptake of 

modified LDL. Moreover, pro-inflammatory cytokines, 

such as tumor necrosis factor  (TNF-), promote SR-

A1 expression by the activation of NF-κB transcription 

[9]. TNF-α enhances foam cell formation in 

macrophages, in part by inhibition of intracellular lipid 

catabolism [10]. Inhibition of this cytokine decreases 

oxLDL accumulation and foam cell formation [11]. 

Many synthetic drugs for diabetes have been 

developed, and yet a complete cure is not provided by 

any of the molecules. Once-daily metformin extended-

release does not only improve measures of glycemic 

control in Asian patients with type 2 diabetes mellitus 

(T2DM) but also has a favorable gastrointestinal 

tolerability profile [12]. Continuous use of some 

synthetic agents causes severe side effects, and thus the 

demand for non-toxic, affordable drugs persists.  An 

appropriate strategy for the prevention and treatment of 

diabetic atherosclerosis is necessary. Therefore, it is 

important to identify pharmaceutical agents to inhibit 

diabetes-accelerated atherosclerotic diseases. 

Traditional medicinal plants and natural products are 

considered as alternative therapeutic strategies for the 

treatment of diabetic atherosclerosis with lower costs 

and fewer side effects [2]. Natural compounds such as 

curcumin, berberine, resveratrol, salidroside and ginkgo 

biloba are used as potential agents for diabetic 

atherosclerosis treatment [2]. Moreover, traditional 

Chinese herbal medicine such as Salvia miltiorrhiza, 

Salvianolic acid and Celastrol have been used to treat 

diabetes and atherosclerosis [2]. 

Medicinal plants are used in Thailand for treating 

diabetes, as well as their hypoglycaemic 

pharmacological evidence and potential therapeutic 

nature being used for diabetes-related complications 

[13]. Thai traditional herbal formulae, Sattagavata, 

Mathurameha and Tubpikarn have been prescribed for 

diabetic patients for a long time. The combined Thai 

anti-diabetic herbal formula has an anti-hyperglycemic 

action in the Type II diabetic animal model [14]. Pathavi 

Apo Vayo formulary (PAV) is one Thai traditional 

medicine from Wat Phra Chetuphon’s inscriptions. This 

formulary consists of 21 herbs and has been used for the 

treatment of diabetes. In the diabetes model, the blood 

sugar level of diabetic rats was significantly decreased 

after treating with PAV for 12 weeks. In addition, the 

levels of cholesterol, LDL and TNF- in blood were 

also significantly decreased after treatment 

(unpublished data). Therefore, the chemical 

composition of PAV and its effect on pro-inflammatory 

mediators and foam cell formation using a model of 

diabetes-induced atherosclerosis has been continuously 

studied. The chemical composition of plant extracts 

such as remaining content in PAV extract and gallic acid 

can be used as chemical markers. This PAV extract had 

low cytotoxicity and inhibited NO production in the 

normal glucose medium (NGM) and high glucose 

medium (HGM), but without a statistical difference 

[15]. Understanding the role of PAV on macrophages 

that are related to inflammation, hyperglycemic 

condition and foam cell formation in diabetes offers 
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hope for new treatment strategies to reduce diabetes’ 

leading causes of atherosclerosis. The proteomic 

approach has been widely used to investigate protein 

alteration in various organisms, because it provides the 

entire data network of protein regulation. In addition, 

this technique can be used to detect the proteins 

regulated by post-translational modification [16]. Using 

large-scale proteomics, identified potential candidate 

biomarkers of plant-based diets and pathways may 

partially explain the associations between plant-based 

diets and chronic conditions [17]. In a previous report, 

the 47 identified plasma proteins predictive of incident 

diabetes established causal effects for 3 proteins, and 

identified diabetes-associated inflammation and lipid 

pathways with potential implications for diagnosis and 

therapy [18].  

 Therefore, the aim of this study was to investigate 

the effect of PAV that was extracted by 50% ethanol on 

foam cell formation in HGM conditions in macrophages 

(RAW264.7). A standard medicine for hyperlipidemia 

treatment, Simvastatin (Svt), which has been reported to 

inhibit foam cell formation and inflammatory responses 

[19-22] was selected to compare the bioactivity with 

PAV in this study. Foam cell formation and lipid 

accumulation, gene expression, cytokine production, 

proteomic analysis, protein difference and protein-

chemical correlation were studied using Oil Red O 

staining, Real-Time PCR, ELISA, Liquid 

Chromatography-Tandem Mass Spectrometry (LC/MS-

MS), and bioinformatics (Venn diagram and STITCH), 

respectively. 

 

Materials and methods 

        Preparation of Pathavi Apo Vayo formulary 

extracts  

PAV was purchased from Bansamunpaiosot, 

Bangkok, Thailand [15]. It was macerated in 50% 

ethanol for 7 days, then filtered. The residue after 

maceration was repeatedly macerated in 50% ethanol 

for 7 days. The filtrates were then combined and the 

solvent was evaporated and concentrated using a rotary 

evaporator. 

 

Determination of foam cell formation 

RAW264.7 cells were cultured in NGM 

(Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum, 2 mM L-

glutamine and 5.5 mM D-glucose) or HGM (DMEM 

supplemented with 10% fetal bovine serum, 2 mM L-

glutamine and 15 mM D-glucose) and then incubated at 

37 C and 5% CO2 for 7 day.  PAV (0 - 400 µg/mL) or 

10 - 40 µM simvastatin (Svt) were diluted with NGM or 

HGM and then added into the cells (2×105 cells/well) in 

the absence or presence of 50 µg/mL oxLDL and 10 

µg/mL lipopolysaccharides (LPS). The cells were then 

incubated at 37 C and 5% CO2 for 24 h. The treated 

cells were analyzed for lipid accumulation in foam cells 

using Oil Red O staining. The stained cells were 

photographed and intensity determined at 540 nm. 

 

Real-time PCR 

The treated RAW264.7 cells were harvested and 

extracted for total RNA using E.Z.N.A.® Total RNA 

Kit (Omega Bio-tek, GA) according to the 

manufacturer’s instruction. For the synthesis of cDNA, 

total RNA was treated with DNase I. FIREScript RT 

cDNA synthesis kit and Oligo-dT primers (Solis 

BioDyne, Estonia) were used according to the 

manufacturer’s instruction.  Samples were prepared 

using Hot FIREPol® EvaGreen ® qPCR Mix Plus (no 

ROX) (Solis BioDyne, Estonia) according to the 

manufacturer’s instruction and run on a CFX96 Touch 

Real-Time PCR Detection System (Bio-Rad). The 

cDNA (2.5 ng) was amplified using the specific primers 

for β-actin, LOX-1, SR-A1 and TNF-α (Table 1). The 

genes were amplified by Real-Time PCR in triplicate. 

The process for the Real-Time PCR reaction was as 

follows; initial activation at 95C for 12 min, followed 

by 40 cycles of denaturation at 95C for 15 s, annealing 

at 54C for 20 s and elongation at 72C for 20 s. Fold 

changes of gene expression were calculated using the            

2–ΔΔCT method. The methods for the calculation were as 

follows [23]. 

 

ΔCT = CT (target) – CT (reference) 

ΔΔCT = CT (test sample) – CT (control sample) 

 

Moreover, each cDNA sample (1 µL) as a 

template was mixed with Tag DNA polymerase 

recombinant (Invitrogen, Brazil), each primer and the 

deoxynucleotide mix. Amplification was completed 

using 30 cycles and the PCR amplification followed as 

described in Tag DNA polymerase recombinant 
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protocol (Invitrogen, Brazil). PCR products were then 

visualized with 1.5% agarose gel, using FluoroVueTM 

nucleic acid gel staining (SMOBIO Technology, Inc., 

Taiwan).

 

Table 1 Oligonucleotide primers used in real time PCR.  

Gene Primer Sequence (5-3) References 

LOX-1 
Forward CAGCGAACACAGCTCCGTCTTGAAGG 

[5] 
Reverse GGCCAACCATGGCTTGGGAGAATGG 

SR-A1 
Forward TGGTCCACCTGGTGCTCC 

[24] 
Reverse ACCTCCAGGGAAGCCAATTT 

TNF-α 
Forward ATGAGCACAGAAAGCATGATC 

[25] 
Reverse TACAGGCTTGTCACTCGAATT 

β-actin 
Forward TCATGAAGTGTGACGTTGACATCCGT 

[25] 
Reverse CCTAGAAGCATTTGCGGTGCACGATG 

 

Determination of TNF-α production 

Determination of foam cell formation by the 

treated culture medium was taken for measurement of 

TNF-α production using an enzyme-linked 

immunosorbent assay (ELISA) kit following the 

protocol as described in DuoSet® ELISA kit standard 

protocol. 

 

Protein preparation and digestion 

RAW264.7 (1×105 cells/well) were seeded and 

incubated at 37 C and 5% CO2 for 24 h. Extracts were 

diluted with HGM in the absence or presence of oxLDL 

and LPS. After incubation at 37 C and 5% CO2 for 24 

h, the culture media was removed. Cells were ground to 

powder in liquid nitrogen and extracted with 0.5% SDS. 

Protein concentration was determined by the Lowry 

method. Protein samples (5 µg) were subjected to in-

solution digestion. For digestion, samples were mixed 

with 50 ng/µL of sequencing grade trypsin (Promega, 

Germany) in the ratio of 1:20, and then incubated at 37 

C overnight. The digested samples were dried and 

protonated with 0.1% formic acid. The samples were 

then injected into LC-MS/MS. 

 

Bioinformatics and data analysis 

MaxQuant 1.6.6.0 was used to quantify the 

proteins in individual samples using the Andromeda 

search engine to correlate MS/MS spectra to the Uniprot 

Mus musculus database. Label-free quantitation with 

MaxQuant’s standard settings was performed. Peptides 

with a minimum of 7 amino acids and at least one unique 

peptide were required for protein identification. 

Proteins, with at least 2 peptides and at least one unique 

peptide, were considered as being identified and used 

for further data analysis.  Protein FDR was set at 1% and 

estimated by using the reversed search sequences. The 

maximal number of modifications per peptide was set to 

5. As a FASTA file search, the proteins presented in the 

Mus musculus proteome were downloaded from 

Uniprot. Potential contaminants presented in the 

contaminants FASTA file that comes with MaxQuant 

were automatically added to the search space by the 

software.  

The MaxQuant ProteinGroups.txt file was loaded 

into Perseus version 1.6.6.0 [26]; potential contaminants 

that did not correspond to any UPS1 protein were 

removed from the data set. Max intensities were log2 

transformed and pairwise comparisons between 

conditions were done via t-tests. Missing values were 

also imputed in Perseus using constant value (0).  The 

visualization and statistical analyses were conducted 

using the MultiExperiment Viewer (MeV) in the TM4 

suite software [27]. Protein organization and biological 

action were investigated conforming to protein analysis 

through evolutionary relationships (Panther) protein 

classification [28]. A Venn diagram was used to show 

the differences between protein lists originating from 

differential analyses [29]. The STITCH database 

version 5 was used to analyze the common and the 

predicted functional interaction networks between 

identified proteins and small molecules [30]. 
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Statistical analysis 

All data results are representative of 3 independent 

experiments and values are expressed as mean 

± SD.  Statistical analysis was performed using SPSS. 

Data were analyzed by one-way ANOVA and multiple 

comparison (LSD) for investigating significant 

differences (p < 0.05). 

 

Results and discussion 

Foam cell formation 

PAV is one of the Thai traditional medicines and 

consists of 21 herbal plant powders. It has been used in 

the treatment of diabetic patients. PAV extract shows 

low cytotoxicity and could inhibit NO production in 

NGM and HGM without a statistical difference [15]. 

Nitric oxide synthase 1 (NOS1)-derived nitric oxide 

(NO) promotes oxLDL uptake and enhances the release 

of pro-inflammatory cytokines by macrophages [31]. In 

this study, we determined the effects of PAV on foam 

cell formation. Without oxLDL induction, PAV at 

concentrations of 100 - 400 µg/mL and 20 - 40 µM Svt 

did not induce lipid accumulation in treated cells of both 

NGM and HGM (Figure 1). The co-treatment of oxLDL 

and LPS resulted in lipid accumulation in RAW264.7 

cells (Figure 2). For oxLDL, LPS and Svt co-treatment, 

the lipid accumulation was decreased when compared 

with that of oxLDL and LPS co-treatment alone in both 

NGM and HGM. Co-treatment of oxLDL, LPS and 

PAV (100 - 200 µg/mL) reduced lipid accumulation in 

foam cells slightly for both NGM and HGM, while 

oxLDL and LPS co-treatment alone showed lipid 

droplets accumulation in some cells (Figure 2). Lipid 

storage in foam cells with the presence or absence of 50 

µg/mL oxLDL and 0.5 µg/mL LPS co-treatment in 

NGM and HGM was measured by Oil-red-O absorption 

(Figure 3). In the absence of 50 µg/mL oxLDL, PAV 

and Svt showed no statistical difference in lipid storage 

between NGM and HGM. However, in the presence of 

50 µg/mL oxLDL and 0.5 µg/mL LPS, there was higher 

absorption than in the absence of 50 µg/mL oxLDL and 

0.5 µg/mL LPS. Svt treatment could significantly 

decrease the absorption of lipid storage in both NGM 

and HGM. Simvastatin may enhance ox-LDL-induced 

macrophage autophagy and attenuate lipid aggregation 

[32]. However, PAV treatment showed no statistical 

difference in lipid storage between NGM and HGM. 

PAV might affect lipid aggregation or receptors for ox-

LDL induced macrophage foam cell formation.

 

 

Figure 1 Oil Red O staining of RAW264.7 cells in NGM and HGM after treatment with PAV and Svt. (A) NGM, (B) 20 

µM Svt in NGM, (C) 40 µM Svt in NGM, (D) 100 µg/mL PAV in NGM, (E) 200 µg/mL PAV in NGM, (F) 400 µg/mL 

PAV in NGM, (G) HGM, (H) 20 µM Svt in HGM, (I) 40 µM Svt in HGM, (J) 100 µg/mL PAV in HGM, (K) 200 µg/mL 

PAV in HGM, (L) 400 µg/mL PAV in HGM.  
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Figure 2 Oil Red O staining of RAW264.7 cells in NGM and HGM after treatment with PAV and Svt in the presence of 

50 µg/mL oxLDL and 0.5 µg/mL LPS. (A) oxLDL- and LPS-contained NGM, (B) 20 µM Svt in oxLDL- and LPS-

contained NGM, (C) 40 µM Svt in oxLDL- and LPS-contained NGM, (D) 100 µg/mL PAV in oxLDL- and LPS-contained 

NGM, (E) 200 µg/mL PAV in oxLDL- and LPS-contained NGM, (F) 400 µg/mL PAV in oxLDL- and LPS-contained 

NGM, (G) oxLDL- and LPS-contained HGM, (H) 20 µM Svt in oxLDL- and LPS-contained HGM, (I) 40 µM Svt in 

oxLDL- and LPS-contained HGM, (J) 100 µg/mL PAV in oxLDL- and LPS-contained HGM, (K) 200 µg/mL PAV in 

oxLDL- and LPS-contained HGM, (L) 400 µg/mL PAV in oxLDL- and LPS-contained HGM.   

 

 

Figure 3 Oil Red O absorption from lysed foam cells after treatment with PAV and Svt in the presence or absence of 50 

µg/mL oxLDL and 0.5 µg/mL LPS in NGM and HGM. Represents a significant difference in absorption for each 

concentration of PAV and Svt compared with control (p-value < 0.05). 
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Gene expression 

OxLDL has also been shown to be a powerful 

regulator of macrophage gene expression. Several genes 

are involved in the inflammatory response, including 

TNF-α that is known to be modulated by exposure to 

oxLDL. Moreover, macrophages internalize oxLDL by 

several scavenger receptors (SRs) such as SR-A1 and 

LOX-1, resulting in lipid accumulation and 

transformation into foam cells [4].  In NGM conditions, 

with and without oxLDL, oxLDL+LPS induction, PAV 

at concentration of 100 - 400 µg/mL did not affect the 

expression of LOX-1 and SR-A1 compared with 

control, except for 10 µM Svt that significantly 

decreased the SR-A1 expression in oxLDL and LPS co-

treatment. Interestingly, 400 µg/mL PAV significantly 

decreased the TNF-α expression in a dose-dependent 

manner compared to control with oxLDL, oxLDL+LPS 

induction. This study revealed that TNF-α 

was significantly decreased in the third condition with 

10 µM Svt compared to the control group (Figure 4).

 

 

 

Figure 4 The effect of PAV and Svt on oxLDL and oxLDL+LPS induced LOX-1 (A), SR-A1 (B) and TNF- (C) 

expression in RAW 264.7 cells in the NGM condition. p < 0.05 vs. control group of without oxLDL and LPS, control 

group of with oxLDL or control group of oxLDL and LPS. One-way ANOVA analysis was used to calculate p-values. 

The bars represent mean  SD. 

 

Anti-diabetic drugs including insulin up-regulate 

the TNF-α gene expression in mild or severe glucose 

load [33]. In HGM conditions, without oxLDL 

induction, 200 µg/mL PAV significantly decreased the 

LOX-1 but significantly increased TNF-α expressions, 

while 400 µg/mL PAV significantly increased the LOX-

1 and SR-A1 expressions, and 10 µM Svt significantly 

increased the SR-A1 and TNF-α expressions. In oxLDL 

induction, 10 µM Svt significantly increased the SR-A1 

expression. The 400 µg/mL PAV significantly increased 
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the LOX-1. The 100 - 400 µg/mL PAV significantly 

increased SR-A1 gene expressions in a dose-dependent 

manner. However, the 200 - 400 µg/mL PAV 

significantly decreased TNF- gene expressions in a 

dose-dependent manner. In oxLDL and LPS co-

treatment, 10 µM Svt significantly increased the TNF-

, but decreased the SR-A1 gene expression. The 200 - 

400 µg/mL PAV significantly increased the LOX-1 

expressions in a dose-dependent manner. The 100 - 400 

µg/mL PAV significantly decreased the SR-A1 

expression. Only 400 µg/mL PAV significantly 

decreased TNF- gene expression (Figure 5). These 

results might indicate the effect of the antioxidative, NO 

production inhibitory and anti-inflammatory properties 

of the plants contained in PAV [15,34-35]. Tanaka et al. 

[35] reported that Terminalia bellirica extract treatment 

resulted in significant decreases of the mRNA 

expression of TNF-α, and LOX-1 in THP-1 

macrophages. Allicin from garlic (Allium sativum) 

showed an anti-atherogenic effect via antioxidative 

activity, lipoprotein modification and inhibition of LDL 

uptake and degradation by macrophages [36]. Addition 

of Coriandrum sativum L. extract to oxLDL treated 

macrophages significantly reduced intracellular 

cholesterol accumulation [37]. Moreover, the possible 

mechanism of anti-atherosclerotic action of the piper 

species could be by lowering the plasma lipid 

concentration and scavenging the reactive oxygen 

species, which may oxidize the LDL-C, resulting foam 

cell deposition [38].

 

 

 

Figure 5 The effect of PAV and Svt on oxLDL and oxLDL+LPS induced LOX-1 (A), SR-A1 (B) and TNF- (C) 

expression in RAW 264.7 cells in the HGM condition. p < 0.05 vs. control group absent oxLDL+LPS, control group of 

present oxLDL or control group of present oxLDL+LPS. One-way ANOVA analysis was used to calculate p-values. The 

bars represent mean  SD. 
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TNF- production 

In the TNF-α producing study, with and without 

oxLDL or oxLDL+LPS induction, 400 µg/mL PAV 

significantly decreased the production of TNF-α 

compared with each control in both NGM and HGM 

conditions (Figure 6). These results were correlated 

with TNF-α gene expression. PAV could inhibit NO 

production in NGM and HGM [15] that might decrease 

the oxLDL uptake and reduce the release of TNF- by 

macrophages [31]. However, the combination of 

pioglitazone and metformin as well as insulin up-

regulated TNF-α protein secretion in vitro in mild 

diabetic status and highly up-regulated it in severe 

diabetic status [33]. Svt could significantly increase this 

cytokine production in both with and without oxLDL 

treatments, as well as with oxLDL+LPS treatments in 

the NGM condition, but Svt could significantly decrease 

TNF-α production in both with and without oxLDL 

treatments in the HGM condition. However, TNF- 

production of Svt treatment did not show significant 

difference from the control group in oxLDL+LPS 

induction (Figure 6), even though TNF- gene 

expression was increased.

 

 

Figure 6 The effect of PAV and Svt on oxLDL and oxLDL+LPS induced TNF- protein expression in RAW 264.7 cells 

in both NGM and HGM condition. p < 0.05 vs. control group of absent oxLDL+LPS, control group of present oxLDL or 

control group of present oxLDL+LPS. One-way ANOVA analysis was used to calculate p-values. The bars represent 

mean  SD. 

 

Ontology of identified proteins 

By shotgun proteomics analysis, 7,192 differential 

expressed proteins in macrophages that were cultured in 

6 conditions of HGM, including HGM, HGM+400 

µg/mL PAV, HGM+oxLDL, HGM+oxLDL+400 

µg/mL PAV, HGM+oxLDL+LPS and 

HGM+oxLDL+LPS+400 µg/mL, PAV were identified. 

Functional prediction results showed that theses high 

glucose response proteins are involved in many 

biological processes (e.g. cellular process, metabolic 

process, biological regulation, cellular component 

organization or biogenesis, response to stimulus, 

localization, signaling and developmental process). 

These identified proteins were predicted to function in 

cellular process (26%),  metabolic process (15%), 

biological regulation (14%), cellular component 

organization or biogenesis (9%), response to stimulus 

(9%), localization (7%), signaling (6%), developmental 

process (4%), multicellular organismal process  (4%), 

biological adhesion  (2%), immune system process 

(1%),  multi-organism process  (1%), reproductive 

process  (1%), reproduction (1%) and locomotion (1%) 

(Figure 7).  

 

Proteins detected only in high glucose 

conditions in the presence or absence of PAV 

To identify biochemical pathways of PAV 

relevant proteins associated with glucose mechanism, a 

total of 42 proteins were expressed only in glucose 

mechanism, including HGM and HGM+400 µg/mL 

PAV (Figure 8, Table S1). These proteins were 

analyzed for their interactions with glucose, insulin and 
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metformin treatment of diabetes and phytochemicals 

contained in PAV (caffeic acid and gallic acid) [15] 

according to the online STITCH 4.0 database. Caffeic 

acid is a safe and potent agent against diabetes that acts 

as an effective antioxidant in reducing the serum 

glucose, lipid profile and atherogenic indices [39]. 

Gallic acid suppresses hepatic lipid accumulation, 

apoptosis, and inflammation caused by the interaction 

between hepatocytes and macrophages [40]. Therefore, 

this reported protein marker connecting with PAV 

phytochemicals might be associated with the 

inflammation and lipid pathways (foam cell formation) 

when using the PAV in high glucose medium. As shown 

in Figure 9, the 5 candidate proteins including tyrosine-

protein kinase receptor (Igf1r), 5-hydroxytryptamine 

(Serotonin) receptor 1B (Htr1b), Unconventional 

myosin-Ia (Brush border myosin I) (BBM-I) (BBMI) 

(Myosin I heavy chain) (MIHC) (Myo1a), Complement 

component 7 (C7) and Serine/threonine-protein kinase 

SIK3 (Sik3) showed an interaction network with 

glucose or drug treatment of diabetics or phenolics 

contained in PAV.  Four specific proteins might play a 

pivotal role in the observed phenotype and be 

functionally relevant to the disease pathway. 

 For the glucose pathway, we found tyrosine-

protein kinase receptor (lgf1r) in both HGM and 

HGM+400 µg/mL PAV conditions, which linked with 

glucose, insulin and metformin. Insulin controls a wide 

variety of biological processes by acting on two closely 

related tyrosine kinase receptors [41]. Tyrosine-protein 

kinase receptor might be the signaling mechanism of 

PAV for activation of the tyrosine kinase activity of the 

insulin receptor. This receptor represents an essential 

step in the insulin signal transduction across the plasma 

membrane of target cells, as well as metformin that 

potentiates the effect of insulin on glucose transport at 

sites beyond insulin receptor binding and 

phosphorylation [42].  In addition, serotonin 5-

Hydroxytryptamine (5-HT) receptors play a role in 

diabetes mellitus and elicit its beneficial effects on 

glucose metabolism through serotonylation of Rab4, 

which likely represents the converging point between 

the insulin and the 5-HT signaling cascades [43]. 

Therefore, PAV may affect both tyrosine-protein kinase 

receptors and 5-HT receptors that are related to glucose 

metabolism. 

For the lipid metabolism pathway, salt-inducible 

kinases (SIKs) belong to the AMP-activated protein 

kinase (AMPK) family, and function mainly to be 

involved in regulating energy response-related 

physiological processes, such as gluconeogenesis and 

lipid metabolism [44]. Members of the SIK family are 

emerging as the important modulators of key processes 

such as insulin signaling in adipocytes [45]. SIK3 also 

regulates cholesterol and bile acid metabolism by 

combining with retinoic acid metabolism and might 

alter energy storage in mice. Inhibition of fatty acid 

synthesis was observed in Sik3 KO mice [46]. In 

addition, 5-HT increased the lipid accumulation in 

human and mouse fat cells [47]. Moreover, complement 

component 7 (CC7) is a marker of complement activity, 

and associates to acute coronary syndrome (ACS) [48]. 

The interaction of C7 with the -chain of C5b in C5b6 

results in a C5b-7 complex, with an amphiphilic 

transformation of the C7 molecule to produce a complex 

with high affinity for lipids [49]. CC7 binds to the 

C5bC6 complex, which is a part of the terminal 

complement complex (TCC/C5b-9) [48].  The 

accumulation of either oxidized or enzymatically 

modified LDL-bound to C-reactive protein or not—

prompts complement activation and leads to the 

assembly of the terminal complement C5b-9 complex in 

the atherosclerotic lesion [50]. Therefore, 400 µg/mL 

PAV in the HGM condition, supplemented with oxLDL 

or oxLDL+LPS, significantly increased the LOX-1 

expression (Figure 4), leading to distribution of lipid 

accumulation in RAW264.7 macrophage cells in 

HGM+oxLDL+LPS+400 µg/mL PAV (Figure 2). 

These results might indicate the role of SIK3, 5-HT and 

CC7 protein in regulating lipid metabolism in 

macrophages after being treated with 400 µg/mL PAV 

in the HGM condition. 

For inflammatory pathways, SIKs regulate 

cytokine production in macrophages are complex, and 

the specific role of each SIK isoform seems to vary 

among different cytokines. SIK3 showed little effect on 

IL-10 production while having a significant impact on 

the production of pro-inflammatory cytokines in 

response to LPS [51]. Inhibiting SIK2 and SIK3 in 

mature macrophages induces a population of 

macrophages producing high levels of IL-10 and low 

levels of pro-inflammatory cytokines including TNF-α 

[51]. SIK inhibitors compromised CRTC3 
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phosphorylation in TLR-stimulated macrophages, 

leading to an increase in CREB-dependent gene 

expression, including IL-10, and reduced pro-

inflammatory cytokine expression, such as TNF-α [52]. 

Some evidence also suggests that SIK3 can inhibit toll-

like receptor (TLR) signaling through IKK-mediated 

NF-κB signaling pathways. SIK3 may play an important 

role in promoting anti-inflammatory phenotypes [53]. 

Moreover, 400 µg/mL PAV in HGM conditions, 

supplemented with oxLDL or oxLDL+LPS, 

significantly decreased the TNF- expression that might 

correlate with the SIK3 protein in HGM and 

HGM+PAV conditions.

 

 

 

 
 

Figure 7 Distribution of gene ontology (GO) terms in the Biological process category of 7,192 differential expressed 

proteins in macrophages from 6 conditions of HGM including Glu (being HGM), Glu+Drug (being HGM+400 µg/mL 

PAV), Glu+oxLDL (being HGM+oxLDL), Glu+LDL+Dru (being HGM+oxLDL+400 µg/mL PAV), Glu+LDL+LPS 

(being HGM+oxLDL+LPS) and GluLDLLPSDr (being HGM+oxLDL+LPS+400 µg/mL PAV). 
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Figure 8 Venn diagram showing the number of expressed proteins detected in RAW264.7 macrophages for 5 conditions 

analyzed by shotgun proteomics. Normal (being control of no glucose), Glu (being HGM), Glu+Dru (being HGM+400 

µg/mL PAV), Glu+LDL (being HGM+oxLDL) and Glu+LDL+Dru (being HGM+oxLDL+400 µg/mL PAV) were the 

effect of PAV on HGM or HGM+oxLDL conditions. 

 

 



Trends Sci. 2025; 22(8): 10210   13 of 19 

 

Figure 9 Predicted interactions between glucose, diabetic drug, phenolics contained in PAV and RAW264.7 macrophage 

proteins that were detected only in HGM and HGM+400 µg/mL PAV. Modes of action are shown by different color lines. 

 

 

Conclusions 

 In conclusion, results in this study indicate that 

PAV slightly suppressed lipid accumulation in foam 

cells, but when increasing the PAV concentration (200 -

400 µg/mL) the lipid accumulation in cells was slightly 

increased and spread in cells all over the culture wells. 

These results correlated with gene expression results. 

PAV could up-regulate gene expressions of oxLDL 

receptors including LOX-1. However, PAV down-

regulated pro-inflammatory cytokine genes, including 

TNF-α and decreased the cytokine production in the 

oxLDL+LPS condition in both NGM and HGM. For 

oxLDL-induced foam cell formation, PAV slightly 

suppressed lipid accumulation in foam cells. But when 

increasing PAV concentration (200 - 400 µg/mL) the 

lipid accumulation in cells was slightly increased and 

spread in the cells all over the culture wells. These 

results correlate with gene expression results. PAV 

could up-regulate gene expression of oxLDL receptors 

including LOX-1. However, PAV down-regulated pro-
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inflammatory cytokine genes including TNF-α and 

decreased the cytokine production in the oxLDL+LPS 

condition in both NGM and HGM. Forty-two proteins 

were uniquely detected in HGM and HGM+400 µg/mL 

PAV conditions. In interactions among glucose, insulin 

and metformin treatment diabetes, phytochemicals in 

PAV and 4 specific proteins were demonstrated. PAV 

might potentiate the insulin on glucose transport that 

relates to tyrosine kinase receptors. Moreover, PAV 

might affect the 5-Hydroxytryptamine receptors on 

macrophages, and play important roles in insulin 

secretion, glucose metabolism and lipid accumulation. 

The CC7 that is a part of the terminal complement 

complex C5b-9 in the atherosclerotic lesion was found. 

SIK3 protein might reduce pro-inflammatory cytokine 

expression in the RAW264.7 macrophage or regulate 

lipid metabolism in macrophages. Therefore, PAV 

treatment under high glucose conditions correlates with 

the reduction of pro-inflammatory cytokines, and is 

associated with lipid accumulation on foam cells 

formation in RAW264.7 macrophages.  
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Supplementary Materials 

 

Table S1 Identified proteins observed only in HGM and HGM+400 µg/mL PAV. 

Protein name NCBI accession number Gene name Function 

Tyrosine-protein kinase receptor (EC 2.7.10.1) E9QNX9 Igf1r signal transduction 

PCI domain-containing protein Q3U5M8 Psmd3 metabolic process 

Xpo1 protein Q921J0 Xpo1 signal transduction 

Aldo-keto reductase AKR1C12 Q9R0M7 Akr1c12 metabolic process 

NADH dehydrogenase [ubiquinone] iron-sulfur protein 

4, mitochondrial (Complex I-18 kDa) (NADH-

ubiquinone oxidoreductase 18 kDa subunit) 

E9QPX3 Ndufs4 cellular process 

Synphilin-1 J3QP58 Sncaip biological regulation 

 

CD137 antigen Q3U3R1 Tnfrsf9 signal transduction 

Uncharacterized protein Q3TNZ1 Nadk metabolic process 

Anaphase-promoting complex subunit 4 (Cyclosome 

subunit 4) 

Q3TI31 Anapc4 cellular process 

Phosphatidate cytidylyltransferase, mitochondrial (EC 

2.7.7.41) (CDP-diacylglycerol synthase) (CDP-DAG 

synthase) (Mitochondrial translocator assembly and 

maintenance protein 41 homolog) (TAM41) 

Q3TUH1 Tamm41 cellular process 

USP domain-containing protein Q3T9X4 Usp11 biological regulation 

Long-chain-fatty-acid-CoA ligase ACSBG1 (Fragment) D3YZ56 Acsbg1 metabolic process 

Aminopeptidase (Fragment) Q9R1I4 Cpq Pgcp cellular process 

Treslin_N domain-containing protein Q8C6J3 Ticrr 

5730590G19Rik 

cellular process 

Microtubule organization protein AKNA (AT-hook-

containing transcription factor) 

Q80VW7 Akna Kiaa1968 biological regulation 

SPT16, facilitates chromatin-remodeling subunit G3X956 Supt16 Supt16h cellular component 

5-hydroxytryptamine (Serotonin) receptor 1B Q0VES5 Htr1b signal transduction 

H2B histone family, member M Q9DAB5 H2bfm 

1700014N06Rik 

cellular component 

SH3 domain-containing protein (Fragment) Q8BNK9 Pacsin2 cellular process 

Uncharacterized protein Q3U0M8 Elac2 cellular process 

Unconventional myosin-Ia (Brush border myosin I) 

(BBM-I) (BBMI) (Myosin I heavy chain) (MIHC) 

O88329 Myo1a Bbmi 

Myhl 

cellular component 

Homeobox protein engrailed-1 (Homeobox protein en-

1) (Mo-En-1) 

P09065 En1 En-1 cellular component 
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Protein name NCBI accession number Gene name Function 

AT-rich interactive domain-containing protein 3C 

(Arid3c protein) 

B7ZP08 Arid3c cellular component 

Actin-related protein 2/3 complex subunit 1B 

(Fragment) 

F6THG2 Arpc1b cellular component 

Transcription factor SOX-13 D3Z7I3 Sox13 cellular process 

DIP2 disco-interacting protein 2 homolog B 

(Drosophila) (Disco-interacting protein 2 homolog B) 

B2RQC7 Dip2b cellular process 

 

Diacylglycerol kinase (DAG kinase) (EC 2.7.1.107) D3YWQ0 Dgki metabolic process 

Uncharacterized protein (Fragment) Q8C9E2 Hdgfl3 Hdgfrp3  

Complement component 7 D3YXF5 C7 immune system 

Dystrophin P11531 Dmd cellular component 

Tumor protein 63 (p63) Q3UVI3 Trp63 cellular process 

Protein phosphatase 2C eta-2 B7XGC0 Ppm1m ppm1m cellular process 

Serine/threonine-protein kinase SIK3 (Fragment) F6U6U5 Sik3 cellular process 

Retrotransposon Gag-like protein 9 (Retrotransposon 

gag domain-containing protein 1) (Sushi-XF2) 

Q32KG4 Rtl9 Gm385 

Kiaa1318 Rgag1 

cellular process 

Toll/interleukin-1 receptor domain-containing adapter 

protein (TIR domain-containing adapter protein) 

H3BKL1 Tirap signal transduction 

Mas-related G-protein-coupled receptor member A3 H3BKL3 Mrgpra3 signal transduction 

Zinc finger MYM-type protein 4 (Fragment) F6VYE2* Zmym4 cellular component 

Uncharacterized protein A0A5F8MPE6 Fam90a1b cellular process 

Phosphatidate cytidylyltransferase, mitochondrial (EC 

2.7.7.41) (CDP-diacylglycerol synthase) 

(Mitochondrial translocator assembly and maintenance 

protein 41 homolog) 

G5E881 Tamm41 

1500001M20Rik 

cellular component 

organization 

60 kDa lysophospholipase (Fragment) A0A1Y7VIV3 Aspg cellular process 

Protein NLRC3 (Fragment) A0A2R8VHN0 Nlrc3 immune system 

 

 

 

 

 

 

 

 


