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โรคตับจากแอลกอฮอล์ (ALD) เป็นโรคสำคัญที่กระทบต่อสุขภาพของประชากรทั่วโลก 

สารจากธรรมชาติหลายชนิดรวมทั้งเคอร์คิวมินถูกนำมาศึกษาเพ่ือจะนำมาใช้เป็นยารักษาโรค
ดังกล่าว จากข้อมูลการศึกษาที่ผ่านมาพบว่า เตตระไฮโดรเคอร์คิวมิน (THC) ซึ่งเป็นอนุพันธ์ของ
เคอร์คิวมินมีฤทธิ์ต้านอนุมูลอิสระที่ดี และสามารถช่วยป้องกันโรคที่เกิดจากภาวะเครียดออกซิ
เดชั่นได้ จึงมีแนวคิดในการนำ THC มาใช้พัฒนาเป็นยารักษาโรค ALD อย่างไรก็ตาม THC มี
ข้อจำกัดในการใช้เป็นยา เนื่องจาก THC มีคุณสมบัติการละลายน้ำที่ต่ำ ดังนั้นในการศึกษาครั้งนี้ได้
ทำการสังเคราะห์เตตระไฮโดรเคอร์คิวมิน-ไดกลูตาริกแอซิด (TDG) ที่เป็นโปรดรักของ THC และ
พบว่า TDG มีค่าการละลายเพ่ิมขึ้นประมาณ 20 เท่าเมื่อเทียบกับ THC ในสารละลายพีเอช 6.8 
และมีค่าสัมประสิทธิ์การกระจายตัว (LogP) เท่ากับ 3.03 จากการศึกษาความคงตัวพบว่า TDG คง
ตัวในสภาวะที่เป็นกรด และลดลงในสภาวะที่เป็นด่าง นอกจากนี้ TDG จะเกิดการเปลี่ยนแปลงทาง
เคมีและสลายตัวในพลาสมาภายในระยะเวลา 4 ชั่วโมง โดยมีค่าคงที่อัตรา 0.758 h-1 และมีค่าครึ่ง
ชีวิตเท่ากับ 0.9 ชั่วโมง ผลการศึกษาฤทธิ์ในหลอดทดลองของ THC และ TDG ในการปกป้องเซลล์
ตับที่ถูกเหนี่ยวนำให้เกิดบาดเจ็บโดยใช้เอทานอลในเซลล์มะเร็ง HepG2 พบว่า TDG สามารถ
ป้องกันการบาดเจ็บของเซลล์ตับได้ดีกว่า THC โดยการลดระดับของอนุมูลอิสระออกซิเจน และ
เพ่ิมการทำงานของระบบป้องกันด้วยสารต้านอนุมูลอิสระของร่างกายได้แก่เอนไซม์คะตาเลส  
เอนไซม์กลูตาไธโอนเปอร์ออกซิเดส และกลูตาไธโอน  นอกจากนี้ TDG ยังสามารถยับยั้งการ
กระตุ้นให้เกิดการตายของเซลล์แบบอะพอพโตซิสจากการใช้เอทานอลได้โดยการควบคุมการ
ทำงานของเอนไซม์แคสเปส-3 และเอนไซม์แคสเปส-9 ผลการศึกษาทั้งหมดนี้แสดงให้เห็นว่า TDG 
มีแนวโน้มให้ประสิทธิภาพดีกว่าในการปกป้องตับจากพิษของแอลกอฮอล์เมื่อเทียบกับ THC 
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Alcoholic liver disease (ALD) is a significant public health problem 

worldwide. Numerous natural molecules, including curcumin, have been 
extensively studied as potential treatment agents for ALD. Tetrahydrocurcumin 
(THC), the reductive metabolite of curcumin, was previously reported to exert the 
potent antioxidant activity against chemical-induced oxidative stress suggesting the 
potential of THC to be used as a protective agent for ALD. However, THC has poor 
water solubility limiting its pharmacological activity. In the present study, 
tetrahydrocurcumin-diglutaric acid (TDG) was synthesized. The solubility of TDG at 
pH 6.8 was higher than THC approximately 20 times with a logP value of 3.03. TDG 
was stable in acidic solution, but it was not stable in basic conditions and plasma. 
TDG was completely degraded within 4 h in plasma with a rate constant of 0.758 
h-1 and half-life 0.9 h. The protective effect of THC and TDG against alcohol-
induced hepatotoxicity was evaluated by using the HepG2 cell line as an in vitro 
model. The results show that the pre-treated cells with TDG exhibited a more 
effective protective effect than THC by reducing ROS levels and restoring the 
antioxidant system. Moreover, THC and TDG can suppress the apoptosis pathway 
via modulating the activation of caspases. These results indicated that TDG could 
be a potential therapeutic agent for ALD with a higher protective effect than THC. 
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CHAPTER 1 INTRODUCTION 

Alcoholic liver disease (ALD) is a chronic disease caused by excessive ethanol 

consumption of over 40 g per day that leads to a broad spectrum of hepatic lesions 

(cirrhosis), causing chronic liver disease and eventually death in humans (Rehm et al., 

2010). According to the previous research, ALD accounts for 588,100 deaths (Shield et 

al., 2020) or 46.9% of cirrhosis-associated deaths in 2016 (Rehm & Shield, 2019). In 

addition, ALD also accounts for up to 30% of all hepatocellular carcinoma (HCC) 

deaths (Seitz et al., 2018). At the primary stage of liver disease, the liver's fats 

accumulate, causing hepatic steatosis that can be reversed after alcohol abstinence. 

However, continuous heavy alcohol consumption can develop a more severe liver 

injury known as steatohepatitis and progress to liver fibrosis, cirrhosis, and HCC (Seitz 

et al., 2018). 

ALD pathogenesis is associated with alcohol oxidative metabolism. Excessive 

alcohol consumption will be metabolized through the cytochrome P450 2E1 

(CYP2E1) enzyme, which plays a major role in alcohol-induced liver injury. This 

enzyme will metabolize ethanol to acetaldehyde and simultaneously generate 

reactive oxygen species (ROS) (Osna et al., 2017). However, the overproduction of 

ROS will promote oxidative stress in the liver cells, which can activate the formation 

of lipid peroxidation products, including malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE) (Hauck & Bernlohr, 2016). These lipid peroxidation 

compounds can modify the protein structure and bind to DNA to generate hepatic 

deterioration and promote cell death (Ayala et al., 2014). Therefore, the 

accumulation of acetaldehyde, ROS, and lipid peroxidation are attributed to oxidative 

stress and cellular damage in the occurrence and development of acute alcoholic 

liver injury. 

Despite extensive research on the pathogenesis of ALD, there is no effective 

drug to treat patients with ALD. However, alcohol abstinence is still the most 
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effective method to reverse the fatty liver or slow down cirrhosis progression (Osna 

et al., 2017). Recently, herbal medicines and their phytochemical constituents, 

including quercetin (Lee et al., 2017), silymarin (Song et al., 2006), and curcumin (Lu 

et al., 2015), have been evaluated for their hepatoprotective activity against alcohol-

induced hepatotoxicity. Their protective effects have involved the amelioration of 

oxidative stress by the stimulation of the nuclear factor erythroid 2 (NFE2)-related 

factor 2 (Nrf2) that regulates the expression of several genes associated with the 

antioxidant defense system of the cells (Iranshahy et al., 2018). 

Tetrahydrocurcumin (THC; 1,7-bis (4-hydroxy-3-methoxyphenyl) heptane-3,5-

dione) is a primary hydrogenated metabolite of curcumin (Figure 1) (Pan et al., 1999). 

Unlike curcumin, THC is a colorless compound due to the lack of α, β dienes. 

However, the key functional groups, phenolic and β-diketone motifs, remain to elicit 

antioxidant activity (Sugiyama et al., 1996). According to its chemical structure, THC 

shows similar pharmacological activities to curcumin. For instance, THC showed a 

hepatoprotective effect against several xenobiotics, which induce oxidative stress and 

consequently cause liver cell injury (Pari & Amali, 2005; Pari & Murugan, 2004). 

Interestingly, previous reports suggest that THC has higher antioxidant activity and a 

better hepatoprotective effect than curcumin (Luo et al., 2019; Okada et al., 2001; 

Osawa et al., 1995). Therefore, THC can be considered as a potential 

hepatoprotective agent for alcohol-induced hepatotoxicity. However, THC has a poor 

water solubility that hinders its pharmacological and pharmacokinetic activities 

(Setthacheewakul et al., 2011). To overcome this limitation, the prodrug design 

approach has been extensively applied to modify the chemical structure. 
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Figure 1 The chemical structure of curcumin and tetrahydrocurcumin 

A prodrug is a well-known technique to improve physicochemical properties 

of the pharmacologically active compound/drug or parent compounds by 

conjugating with a promoiety or carrier such as amino acids (Vig et al., 2013) or 

dicarboxylic acids (Muangnoi et al., 2018) through a temporary covalent bond linkage, 

which can be broken down in vivo or systemic circulation to release the parent 

compound (Huttunen et al., 2011). These conjugated compounds can intensify the 

water solubility of the parent compound, providing higher drug absorption while 

subsequently enhancing its pharmacological activity (Sanches & Ferreira, 2019). The 

examples of commercially available dicarboxylic acid prodrugs are prednisolone 

succinate (Sugiyama et al., 2001). and chloramphenicol succinate (Ambrose, 1984). In 

addition, Muangnoi et al. have recently developed a curcumin prodrug by using 

glutaric acid as a promoiety.  The glutaric acids were conjugated on both phenolic 

hydroxyl groups of curcumin via an ester bond, and the obtained prodrug, curcumin-

diglutaric acid, showed higher water solubility and pharmacological activity than the 

unconjugated curcumin (Muangnoi et al., 2018). This evidence strongly suggests that 

the improvement of water solubility and activity of THC can be achieved by 

dicarboxylic acid prodrug design. THC-diglutaric acid prodrug could be a potential 

alternative hepatoprotective candidate for alcohol-induced liver injury. 
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The main objectives of this research study are as follows 

1. To synthesize the prodrug of THC by conjugation with glutaric acid via an 

ester linkage. 

2. To characterize the synthesized THC prodrug by determining its 

physicochemical and biopharmaceutical properties, including solubility, 

stability, and partition coefficient. 

3.  To determine the pharmacological response of THC prodrug in alleviating 

alcohol-induced hepatotoxicity in vitro using a HepG2 cell line. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 LITERATURE REVIEW 

2.1 Alcoholic Liver Disease (ALD) 

2.1.1 The incidence of Alcoholic Liver Disease (ALD) 

One of the significant risk factors contributing to the disease and 

mortality is alcohol (Rehm et al., 2017; Rehm & Imtiaz, 2016). The effect of heavy 

and chronic alcohol consumption resulted in approximately 3 million deaths (5.3% 

of all global deaths) in 2016 that is higher than the mortality caused by diabetes 

(2.8%), tuberculosis (2.3%), HIV/AIDs (1.8%), and hypertension (1.6%) (Organization, 

2018). Heavy alcohol consumption produced alcoholic liver disease (ALD), which can 

be characterized by a variety of disease states starting from alcoholic fatty liver 

(steatosis), hepatitis, fibrosis, liver cirrhosis, and even liver cancer or hepatocellular 

carcinoma (HCC) (Osna et al., 2017). In 2016, liver disease deaths were reported, 

about 1,254,000 deaths worldwide, and 588,100 deaths (46.9%) were caused by 

alcohol-attributable liver disease (Rehm & Shield, 2019). The recent study of disease 

burden in 2017 indicates that alcohol-related diseases, including liver cancer, liver 

cirrhosis, and other chronic liver diseases, affected 13,280,000 disability-adjusted life 

years (DALYs & Collaborators) or 21.4% of all DALYs for liver diseases (DALYs & 

Collaborators, 2018). The DALYs are represented to the total years of full, healthy life 

lost, and one DALYs is comparable to one year of a full healthy life. DALYs are 

calculated by the sum of years of life lost due to premature death and the number 

of years lived with illness or disability from the unhealthiness (Rehm et al., 2013). 

Furthermore, recent research reveals that alcohol consumption has increased over 

three decades (1990 – 2017) by alcohol per-capita consumption extended from 5.9 L 

in 1990 to 6.5 L in 2017 and is predicted to be 7.6 L in 2030 (Manthey et al., 2019). 

According to the alcohol consumption trend, alcohol consumption will be increased 

and recognized as an essential issue in the future. 
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2.1.2 The burden of ALD in Thailand 

In 2018, WHO indicated that alcohol consumption in Thailand was the 

third-highest in Southeast Asia (WHO, 2021). In 2015, Wakabayashi performed a 

cohort study in the Thai population. They recruited 87,151 cases and found that 65% 

of the overall case (78% of men and 53% of women) were occasionally or regularly 

alcohol drinkers, and only 26% of the total cohort population never had drunk 

alcohol. They also reported that the odds ratios of liver disease were associated with 

the pattern of alcohol drinking which regular heavy drinkers were the highest odds 

ratio (OR = 2.0) as compared to occasional light drinkers (OR = 1.2) (Wakabayashi et 

al., 2015). These high levels of alcohol consumption in Thailand affected the health 

care costs of  5,491.2 million baht as reported in 2006 (Thavorncharoensap et al., 

2010). Liver cirrhosis is one of Thailand's highest prevalence health problems, around 

92,301 admissions or 24.3% of total admission of digestive system diseases in 2010 

(Poovorawan et al., 2015). According to the previous research, they studied the 

prevalence of cirrhosis in Nakhon Nayok province in 2007. They found that there are 

199 cases with a rate of 75.3 per 100,000 population. Moreover, 143 cirrhosis patients 

were diagnosed with alcoholic cirrhosis with a rate of 53.6 per 100,000 population 

(Rattanamongkolgul et al., 2010). In 2015, Poovorawan analyzed the inpatient 

information with liver cirrhosis from the 2010 Nationwide Hospital Admission Data. 

They reported that 73% of 31,423 cases of liver cirrhosis were identified as alcoholic 

liver disease. Therefore, the most common etiology of liver cirrhosis in Thailand is 

alcoholic liver disease (Poovorawan et al., 2015). Thus, liver cirrhosis is associated 

with the high health care costs in both direct costs (medicine and hospitalization 

costs) and indirect costs (work productivity and reduction in health-related quality of 

life) as reported in USA, 2004. They indicated that the total health care costs were 

estimated to be $13.1 billion due to liver cirrhosis being a progressive disease (Neff et 

al., 2011). To reduce these health care costs from liver cirrhosis, developing an 

effective protective agent for ALD is the most attractive topic for research. 
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2.1.3 Pathophysiology of ALD 

The amount of alcohol exposure is related to the risk of ALD 

development in dose-response relationships. Heavy alcohol consumption (> 40 g of 

pure ethanol per day) or chronic consumption (12 – 24g of pure ethanol per day) can 

dramatically increase the possibility of ALD as compared to non-drinkers (Rehm et 

al., 2010). Most heavy and chronic drinkers (90 – 100%) initiate alcoholic fatty liver, 

and 10% to 20% of the alcoholic fatty liver will develop to advanced ALD state 

(Seitz et al., 2018). In addition to alcohol consumption, some risk factors affect the 

ALD progression, including genetics, sex, obesity, other underlying liver disease, drugs, 

xenobiotic consumption, and smoking (Seitz et al., 2018). 

2.1.3.1 Oxidative stress 

The ethanol metabolism is important in generating oxidative 

stress to produce toxic metabolites that result in liver disease or ALD. In hepatocytes, 

alcohol dehydrogenase (ADH) is the crucial enzyme to oxidize ethanol by using 

nicotinamide adenine dinucleotide (NAD+) as a cofactor, producing reduced NAD+ 

(NADH) and acetaldehyde as shown in Figure 2 (Osna et al., 2017). Additionally, 

cytochrome P450 2E1 (CYP2E1) is an ethanol-inducible enzyme located in the 

smooth endoplasmic reticulum (ER) of hepatocytes that metabolized ethanol via 

oxidation to acetaldehyde and converts reduced NAD phosphate (NADPH) to its 

oxidized form (NADP+) (Osna et al., 2017). Another metabolic pathway associated 

with ethanol metabolism is the catalase enzyme that can metabolize ethanol to 

acetaldehyde using hydrogen peroxide (H2O2) (Osna et al., 2017). This pathway is 

identified as a minor pathway (Osna et al., 2017). Furthermore, acetaldehyde was 

produced and accumulated in the hepatocyte cells, which is a highly reactive and 

toxic compound that can bind to the protein and impair the cell's structure and 

function (Setshedi et al., 2010). However, the toxicity of acetaldehyde is minimized 

when oxidized to acetate via mitochondrial aldehyde dehydrogenase (ALDH) and a 

cofactor NAD+ (Osna et al., 2017). The accumulation of NADH resulting from ADH and 
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ALDH oxidation decreases the NAD+/NADH ratio, affecting several biochemical 

pathways using NAD+ as a cofactor, including fatty acid oxidation and resulting in 

hepatic steatosis (Ceni et al., 2014).  

 

Figure 2 The metabolizing pathway of ethanol via oxidized enzymes including 
catalase, ADH, and CYP2E1  (Osna et al., 2017). 

To re-oxidize NADH to NAD+, mitochondria are responsible for 

cellular organelle through electron transfer chain that leads to the generation of 

reactive oxygen species (ROS) by transferring an electron to oxygen molecule such as 

superoxide anion (O2
-), hydrogen peroxide (H2O2), and the hydroxyl radical (OH∙) (Ceni 

et al., 2014). Then, mitochondria are identified as a significant source of ROS within 

the cell (Figure 3). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9 

 

Figure 3 The reactive oxygen species are generated from the complex series of 
enzymes in the electron transport chain in the cristae membrane of mitochondria  

(Zhao et al., 2019). 

In addition to acetaldehyde generation via CYP2E1 metabolism, 

the oxidation of ethanol through CYP2E1 requires oxygen in the reaction, resulting in 

reactive ROS generation as a byproduct (Figure 4) (García-Suástegui et al., 2017; 

Linhart et al., 2014). ROS are reactive toxic substances that react with protein causing 

cellular and DNA damage and lipid peroxidation by free radicals and their interaction 

with unsaturated fatty acids. Lipid peroxidation affects the integrity of cellular 

membranes, especially mitochondria, which also damages proteins and DNA (Leung 

& Nieto, 2013). Moreover, CYP2E1 is an inducible enzyme that can be upregulated by 

heavy alcohol consumption and elevates ROS generation (Jimenez-Lopez & 

Cederbaum, 2005; Lu & Cederbaum, 2008). 
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Figure 4 The ethanol metabolism through CYP2E1 enzyme using NADPH and oxygen 
as a cofactor that generated ROS as a byproduct  (García-Suástegui et al., 2017). 

To minimize ROS toxicity, our body has enzymatic and non-

enzymatic antioxidant mechanisms as shown in Table 1 (Cichoż-Lach & Michalak, 

2014; Leung & Nieto, 2013). Unfortunately, under oxidative stress conditions resulting 

from excessive ethanol consumption, the amounts of ROS generation are higher than 

the capacity of the liver’s antioxidant mechanisms, which results in liver damage 

(Cederbaum et al., 2009; Cichoż-Lach & Michalak, 2014; Osna et al., 2017). Moreover, 

the increase of ROS level also triggered cell death through the apoptotic pathway 

(Matés et al., 2012). To improve the intracellular antioxidant defense system, 

scientific research revealed that the nuclear factor erythroid 2 (NFE2)-related factor 2 

(Nrf2) plays a crucial role in protecting the cell from oxidative stress by regulating the 

expression of the antioxidant gene. 
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Table 1 Lists intracellular enzymatic and non-enzymatic antioxidants  (Cichoż-Lach & 
Michalak, 2014; Leung & Nieto, 2013). 

Enzymatic antioxidant Non-enzymatic antioxidant 

heme oxygenase Glutathione (GSH) 
Ceruloplasmin ferritin 

glutathione peroxidase vitamin A 

glutathione transferase vitamin C 
catalase vitamin E 

superoxide dismutase (SOD) -------- 

2.1.3.1.1 The nuclear factor erythroid 2–related factor 2 

(Nrf2) 

Nrf2 is a transcription factor located in the cytoplasm 

that forms a complex with an inhibited protein, Kelch-like ECH associated protein-1 

(Keap-1), which restrains the Nrf2 activity by promoting the degradation of Nrf2 via 

ubiquitination (Taguchi et al., 2011). Under stress conditions, ROS interrupts the Nrf2-

Keap-1 complex that can unbind Nrf2 from Keap-1. Then, free Nrf2 translocates into 

the nucleus and binds to a DNA sequence at antioxidant responsive elements (ARE) 

(Figure 5) (Keleku-Lukwete et al., 2017). Nrf2 regulates the expression of several 

antioxidant enzymes, including NAD(P)H quinone oxidoreductase (NQO1), glutathione 

peroxidase (GPx), glutathione S-transferase, glutathione reductase (GR), UDP-

glucuronosyltransferase, SOD, glutamate-cysteine ligase (GCLC and GCLM), and heme 

oxygenase (HO-1) (Ma, 2013). Therefore, the stimulation of the Nrf2-Keap-1 pathway 

can increase the capacity of the liver’s antioxidant mechanisms and enhance the 

protective effect against alcohol-induced hepatotoxicity. 
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Figure 5 The Nrf2-Keap-1 formation under normal and stress conditions.  Nrf2 formed 

a complex with Keap-1 protein that is involved in the degradation of Nrf2 under 

unstressed conditions.  In stress conditions, ROS, or electrophilic reagents (E) interact 

with the thiol group of amino acid “cysteine” on Keap1 and modify the structure of 

Keap1, where Nrf2 will be released and translocated into the nucleus (Keleku-

Lukwete et al., 2017). 

Several phytochemical compounds exert 

hepatoprotective effects by inducing the expression of Nrf2 protein and mRNA in 

alcohol-induced toxicity in both in vitro and in vivo models. In 2019, Lee S et al. 

studied the protective effect of quercetin, quercetin-3-glucoside, and rutin in 

alcohol-induced hepatic damage. HepG2 cell line was used as in vitro model 

inducing by ethanol 5% for 24 h. The results showed that ethanol 5% could 

significantly decrease the expression of Nrf2 in the nucleus compared with the 

control group. For quercetin, quercetin-3-glucoside, and rutin treatment group, the 

expression of nuclear Nrf2 was increased as well as antioxidant enzymes including 

HO-1, NQO-1, and GCLC (Lee et al., 2019). Furthermore, Yan was studied the 

hepatoprotective effect of cinnamic and syringic acids in alcohol-fed mice. Cinnamic 

and syringic acids can restore the expression of Nrf2 level and promote the 
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translocation of Nrf2 into the nucleus (Yan et al., 2016). These research studies 

suggest that the Nrf2-Keap1 signaling pathway is a crucial transcription factor in 

protecting the liver from alcohol toxicants. 

2.1.3.2 Apoptosis 

Apoptosis has been accepted as the important mode of 

programmed cell death controlled by a genetic determination to eliminate the cells 

(Elmore, 2007). It is identified as a natural physiologic process in multicellular 

organisms required to maintain normal tissue development and homeostasis by 

killing aged or unwanted or damaged cells when cells are exposed to noxious agents 

(Elmore, 2007; Singh & Bose, 2015). The apoptosis cells are characterized by the 

change of cell morphology including cell shrinkage, plasma membrane blebbing, 

chromatin condensation, and DNA fragmentation (Matés et al., 2012; Singh & Bose, 

2015). As a result, the apoptotic cells are separated into cell fragments or apoptosis 

bodies that are rapidly phagocytosed by immune cells such as macrophages without 

any induction of inflammatory response (figure 6) (Elmore, 2007; Singh & Bose, 2015; 

Zimmermann & Green, 2001). To initiate cell death through the apoptosis pathway, 

several stimuli trigger apoptosis, including ROS, damaged DNA, and viral infection 

(Elmore, 2007; Matés et al., 2012). The mechanisms of apoptosis are complex, 

consisting of several cascades of molecular events that can be separated into 2 main 

pathways: extrinsic pathway or death receptor pathway and intrinsic pathway of 

mitochondria pathway (Elmore, 2007). At the terminal of the process, both pathways 

converge on the executioner caspase, in which intracellular organelles are degraded 

by the cleavage of caspase-3 and then digested by macrophage (Elmore, 2007). 
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Figure 6 The schematic of cellular morphologic changes during the apoptosis death 
process  (Singh & Bose, 2015). 

2.1.3.2.1 Extrinsic pathway 

The extrinsic signaling pathways are activated through 

death receptors, which are members of the tumor necrosis factor receptor (TNF-R) 

superfamily (Redza-Dutordoir & Averill-Bates, 2016). These ligands and receptors 

include FasL/FasR, TNF-α/TNFR1, Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5 (Elmore, 

2007). Apoptosis pathway is induced when ligand bind to its receptor and generates 

the signaling to recruit adaptor protein such as Fas-associated death domain (FADD) 

or TNF receptor-associated death domain (TRADD) depending on ligand and receptor 

model and form death-inducing signaling complex (DISC) (Redza-Dutordoir & Averill-

Bates, 2016; Samira Goldar, 2015; Zimmermann & Green, 2001). Then, procaspase-8 

or -10 is also recruited to interact with adaptor protein via dead effector domain and 

led to be activated into caspase-8/-10 which plays a role to activate the downstream 

executioner caspase including caspases-3 and -7 and hence apoptosis (figure 7) 

(Redza-Dutordoir & Averill-Bates, 2016; Samira Goldar, 2015). 
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2.1.3.2.2 Intrinsic pathway 

The initiation of the intrinsic signaling pathway is 

emerged through mitochondrial by several stimuli as mentioned previously (Elmore, 

2007). In addition to the caspase, the Bcl-2 (B-cell lymphoma 2) family of proteins 

controls and regulates the apoptotic mitochondrial pathway (Singh & Bose, 2015). 

The Bcl-2 family members can be separated into pro-apoptotic and anti-apoptotic 

members such as pro-apoptotic; Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik, and Blk and anti-

apoptotic; Bcl-2, Bcl-x, Bcl-XL, and Bcl-XS (Elmore, 2007). Additionally, the regulation 

of these proteins such as Bax and Bcl-2 initiates through the tumor suppressor 

protein p53 (Elmore, 2007). Under normal conditions, anti-apoptotic proteins are 

localized on the outer mitochondrial membrane (OMM) that inhibit the activity of 

pro-apoptotic (Redza-Dutordoir & Averill-Bates, 2016). However, the stress condition 

can upregulate the expression of pro-apoptotic proteins and then activate them to 

induce apoptosis (Redza-Dutordoir & Averill-Bates, 2016). The activation of Bax or Bak 

can increase the membrane permeability of mitochondrial that leads to the release 

of cytochrome c into the cytosol (Lopez & Tait, 2015; Zimmermann & Green, 2001). 

After that, the formation of the apoptosome, consisting of cytochrome c and 

apoptotic protease activating factor -1 (Apaf-1), is generated in the cytosol (Lopez & 

Tait, 2015). Subsequently, procaspase-9 is recruited to the apoptosome, followed by 

the activation of procaspase-9 (figure 7). The apoptosome also recruits the 

executioner caspase-3 and -7, which are activated by active caspase-9 (Lopez & Tait, 

2015; Zaman et al., 2014). 
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Figure 7 The intrinsic and extrinsic pathway of apoptosis  (Schafer & Kornbluth, 2006) 

2.1.3.2.3 Ethanol and apoptosis 

As mentioned in the pathophysiology of ALD, the 

metabolism of ethanol through alcohol dehydrogenase enzyme (ADH) decreases the 

ratio of NAD+/NADH that involves to dysfunction of the mitochondrial respiratory 

chain and then promotes the leakage of ROS from mitochondria (Wang et al., 2016). 

Additionally, chronic alcohol consumption can also upregulate the expression of 

CYP2E1, resulting in the overproduction of ROS and promoting oxidative stress (Hoek 

et al., 2002). It was found that ROS can impair mitochondrial protein and 

mitochondrial DNA and activate the mitochondrial permeability transition (MPT) by 

direct oxidation of the pore complex. Subsequently, the cytochrome c was released 

from mitochondrial to the cytosol via opening pore and triggered the apoptosis of 

liver cells (Hoek et al., 2002; Wang et al., 2016). According to Morio et al. 2013, ROS 

generating from ethanol metabolism can also trigger apoptosis via the MAPKs 

pathway by stimulating the phosphorylation of JNK and p38. JNK and p38 further 

downregulate the expression of Bcl-2 protein and upregulate the expression of Bax 
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protein, resulting in promoting cytochrome c release and caspase activation, 

respectively (Morio et al., 2013). 

2.1.4 The current management of ALD 

According to the pathophysiology of ALD, it involved uncontrol alcohol 

consumption that leads to change the behavior and cognition of patients including 

craving alcohol and alcohol withdrawal symptoms (Leggio & Lee, 2017; Mosoni et al., 

2018). This sign of this illness condition is called alcohol use disorder or AUD. The 

most effective treatment of ALD is alcohol abstinence. However, sudden stop 

drinking alcohol can induce withdrawal symptoms including headache, anxiety, and 

tonic-clonic seizures (Muncie et al., 2013). The primary medication for alcohol 

withdrawal syndrome is long-acting benzodiazepines such as chlordiazepoxide and 

diazepam (Muncie et al., 2013). Benzodiazepines can reduce symptoms and prevent 

seizures. However, anticonvulsants can be used as an alternative treatment for 

alcohol withdrawal syndrome, but they cannot prevent seizures (Muncie et al., 2013). 

Moreover, some medications, including acamprosate, disulfiram, and naltrexone, 

were approved by the US FDA to support the alcohol abstinence of patients who are 

addicted to alcohol (Leggio & Lee, 2017; Williams, 2005). In AUD patients with 

advanced liver disease, the literature review of Mosoni C et al. indicated that 

baclofen, a selective GABA-B receptor agonist, can be used as medicine for AUD and 

advanced liver disease. They revealed that baclofen has efficacy to prevent alcohol 

relapse and reverse the progression of hepatitis as well as it has a safety profile 

(Mosoni et al., 2018).  

As mentioned before, ALD is a chronic disease with a broad spectrum of 

hepatic lesions. For hepatitis or liver cirrhosis, corticosteroid was widely used as an 

anti-inflammatory medicine to suppress the immune response and proinflammatory 

cytokine response. The recommendation regimen from the guideline is prednisolone 

40 mg orally per day for 4 weeks or methylprednisolone 32 mg per day by 

intravenous injection (Singal et al., 2018). Although corticosteroids can improve the 
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hepatitis condition and provide short-term survival benefits for severe hepatitis 

patients, several contraindications include gastrointestinal bleeding and active 

infection (Barve et al., 2008). Pentoxifylline is an alternative drug for hepatitis patients 

with renal failure. It is a nonselective phosphodiesterase inhibitor that can improve 

the amount of adenosine 3’,5’-cyclic monophosphate (cAMP) and follow by 

decreasing the production of the pro-inflammatory cytokine, tumor necrosis factor 

(TNF) (Barve et al., 2008). The clinical data from meta-analysis revealed that 

pentoxifylline showed a benefit to reducing the risk of renal failure and death from 

hepatorenal syndrome (Singal et al., 2018). However, there is no FDA-approved 

medicine to treat ALD directly and efficiently (Leggio & Lee, 2017; Osna et al., 2017). 

Therefore, the research study for developing a new medication approach to 

ameliorate the progression of ALD is necessary for ALD patients who suffer from 

hepatic lesions. 

2.2 Tetrahydrocurcumin 

2.2.1 The overview of tetrahydrocurcumin 

Tetrahydrocurcumin (THC; 1,7-bis (4-hydroxy-3-methoxyphenyl) 

heptane-3,5-dione) is one of the major active hydrogenated metabolites of curcumin 

that was first identified in 1978 by Holder et al. (Pan et al., 1999); (Holder et al., 

1978). The chemical structure of THC consists of a phenolic hydroxyl functional 

group and β-diketone moiety that can be tautomerized into keto and enol forms as 

shown in Figure 8 (Lee et al., 2005). The keto form of THC is predominantly seen in 

the polar solvent at acidic conditions, but when the amount of organic solvent is 

increased and under basic conditions, THC will be converted to its enol form (Bhatia 

et al., 2016). The pharmacological activities of THC are similar to curcumin, including 

anti-inflammatory, anticancer, and especially antioxidant (Aggarwal et al., 2014). 

However, THC provides a more significant antioxidant effect than curcumin due to its 

phenolic hydroxyl and β-diketone moieties that act as a radical scavenger (Osawa et 

al., 1995). Moreover, THC has higher stability than curcumin in phosphate buffer pH 
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7.2 at 37 °C (Pan et al., 1999). Curcumin is a basic labile compound decomposing 

more than 90% after incubation under this condition by breaking the 

heptadienedione chain into ferulic acid, vanillin, and feruloylmethane (Jankun et al., 

2016). However, THC was very stable because there was no α, β dienes (Pan et al., 

1999). In a pharmacokinetic study, Okada et al. reported that THC has a greater oral 

bioavailability than curcumin in the mice model (Okada et al., 2001). For the toxicity 

profile of THC, Majeed M et al. investigated the subchronic toxicity for 90 days and 

reproductive and developmental toxicity in Wistar rat. The results showed that THC 

was safe at doses of up to 400 mg/kg which it was 10 times higher than effective 

dose of THC without any adverse effect (Majeed et al., 2019). 

 

Figure 8 The chemical structure of tetrahydrocurcumin (THC) and its tautomerization 

2.2.2 The pharmacological activity of THC 

From an extensive literature review, several publications addressed the 

preventive effect of THC against oxidative stress conditions by chemical inducers in 

vitro and in vivo as summarized in Table 2.  
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Table 2 Studies on the protective effect of tetrahydrocurcumin against chemical-
induced oxidative stress 

Author (year) Experiment model Research findings Ref. 

Vacek JC  
et al. (2018) 

In vitro model 
mouse brain 
endothelial cells 
(bEnd3) cells were 
stimulated with 
Homocysteine (Hcy) 
500 µM to mimic 
neurodegenerative 
disorders 

- THC 15 µM exerted 
neuroprotective effects 
against Hcy-induced 
toxicity by reducing 
intracellular ROS 
generation and 
suppressing the apoptosis 
of bEnd3 cells. 

(Vacek et al., 
2018) 

Murugan P. 
and Pari L. 
(2006) 

In vivo model 
streptozotocin has 
been used to induce 
diabetic Wistar rats 

- THC at 80 mg/kg exhibits 
the highest efficacy that 
can increase plasma 
insulin level, resulting in 
the reduction of blood 
glucose level. 

- TBARS and hydroperoxides 
in hepatic and renal tissue 
were reduced after being 
treated with THC that has 
a higher effect than 
curcumin. 

- Antioxidant enzymes (SOD, 
CAT, GPx, GST) and other 
antioxidants (GSH, vitamin 
C, and vitamin E) were 
increased in the THC 
treatment group. 

(Murugan & 
Pari, 2006) 
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Author (year) Experiment model Research findings Ref. 

Okada K et al. 
(2001) 

In vivo model 
Renal injury mice 
were induced by 
ferric nitrilotriacetate 

- TBARS, HNE, and 8-OHdG 
were reduced in the THC 
treatment group. 

- THC improved the 
suppression of the activity 
of antioxidant enzymes, 
including GPx, NADPH: QR, 
and GST. 

(Okada et 
al., 2001) 

Li K et al. 
(2019) 

In vivo model 
Diabetic mice were 
induced by 
streptozotocin. 
In vitro model 
H9c2 cardiomyocyte 
Lines were induced 
diabetic 
cardiomyopathy by 
using a high glucose 
level 

- THC can protect H9c2 
cells from glucose-induced 
cell death, and it can also 
inhibit the production of 
ROS in H9c2 cells by 
stimulating the SIRT1 
signal pathway. 

- The cardiac hypertrophy 
and cardiac fibrosis in mice 
were improved in the THC 
treatment group at a dose 
of 120 mg/kg/day. 

(Li et al., 
2019) 
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Author (year) Experiment model Research findings Ref. 

Pari L. and 
Murugan P. 
(2006) 

In vivo model 
Renal injury Wistar 
rats were induced by 
chloroquine 

- THC 80 mg/kg can 
significantly improve 
kidney function. 

- The level of TBARS and 
hydroperoxides were 
reduced in the THC 
treatment group. 

- The number of non-
enzymatic antioxidants 
and enzymatic antioxidant 
activity was increased in 
the THC treatment group. 

(Pari & 
Murugan, 

2006) 

Nakmareong S 
et al. (2012) 

In vivo model 
N-nitro-L-arginine 
methyl ester (L-
NAME) was 
administered to 
Sprague-Dawley rats 
to develop 
hypertension and 
vascular remodeling 

- 100 mg/kg per day of THC 
can reverse the vascular 
remodeling by decreasing 
aortic wall thickness and 
improving the elasticity of 
the thoracic aorta. 

- Moreover, THC can reduce 
the generation of 
superoxide radicals and 
plasma malondialdehyde 
and protein carbonyl 
levels. THC can also 
restore the level of GSH 
depleted by L-NAME.  

(Nakmareong 
et al., 2012) 
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Author (year) Experiment model Research findings Ref. 

Sangartit W et 
al. (2014) 

In vivo model 
Adult male ICR mice 
were treated with 
100 mg/l of CdCl2 to 
induce hypertension, 
arterial stiffness and 
vascular remodeling  

- 100 mg/kg/day of THC 5 
days per week for 8 weeks 
can reverse the elevation 
of blood pressure in mice 
exposed to Cd. 

- The mechanism of action 
of THC is to upregulate 
eNOS and restore the 
level of NO, markedly 
decrease in MMP-2 and 
MMP-9 levels and restore 
the capacity of the 
antioxidant defense 
system. 

(Sangartit et 
al., 2014) 

Greeshma M 
et al. (2015) 

In vivo model 
Wistar rats were 
administered by 
vincristine sulfate (75 
µg/kg) to induce 
Peripheral 
neuropathy 

- THC 80 mg/kg exerted 
protective effects against 
vincristine-induced 
peripheral neuropathy 

- THC can also restore the 
activity of antioxidant 
enzymes including SOD, 
CAT, and GPx as well as 
GSH level as compared to 
the vincristine treated 
group. On the other hand, 
the level of lipid 
peroxidation and Nitric 
oxide was decreased. 

(Greeshma 
et al., 2015) 
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Author (year) Experiment model Research findings Ref. 

Song KI et al. 
(2015) 

In vivo model 
Wistar rats were 
induced 
nephrotoxicity by 
using cisplatin. 
In vitro model 
LLC-PK1 cells were 
induced by 25 µM 
cisplatin. 

- Cell viability was increased 
in the THC treatment 
group in a dose-
dependent manner. 

- The renal histological and 
renal function were 
significantly recovered by 
THC treatment. 

(Song et al., 
2015) 

Sangartit W  
et al. (2016) 

In vivo model 
Iron overload ICR 
mice were induced 
by intraperitoneal 
injection of iron 
sucrose 10 mg/kg per 
day for 8 weeks 

- THC 50 mg/kg can reduce 
the level of iron in serum 
and attenuate the 
hypertension condition. 

- In mice, the oxidative 
stress condition was 
improved in THC 
treatment by lowering 
superoxide anion and MDA 
while increasing GSH levels 
in the blood. 

- The combination of 
deferiprone and THC 
therapy exerted higher 
protective effects against 
iron overload-induced 
cardiovascular dysfunction 
than THC or deferiprone 
monotherapy. 

(Sangartit et 
al., 2016) 
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In addition, Park studied the neuroprotective effect of THC by using 

Hippocampal HT22 cells as in vitro model (Park et al., 2019). HT22 cell was induced 

by glutamate, causing the increase in ROS species affecting cell death by oxidative 

stress. As a result, ROS can be reduced after pretreatment of the cell with THC in a 

dose-dependent manner. Furthermore, THC inhibited apoptosis cell death via MAPKs 

blockage with ERK, JNK, and p38 reduction. In an in vivo study, Pari L et al. (Pari & 

Murugan, 2004) investigated the protective effect of THC against erythromycin 

estolate-induced hepatotoxicity in the Wister rat model. The results indicated that 

the levels of biomarker enzymes of liver damage, including AST, ALT, ALP, and 

bilirubin, are decreased when administered the THC to the rat for 15 days via oral 

administration. In the THC treatment group, the level of an oxidative compound such 

as thiobarbituric acid-reactive substances (TBARS) and hydroperoxides is reduced, and 

the level of GSH is increased compared to the negative control group. Based on their 

results, THC has hepatoprotection activity by restoring hepatic antioxidant capacity 

showing higher activity than the positive control, silymarin at doses 80 mg/kg and 200 

mg/kg, respectively. THC also showed the hepatoprotection activity against chemical 

intoxication-induced hepatotoxicity, including chloroquine (Pari & Amali, 2005), 

acetaminophen (Luo et al., 2019), and arsenic (Muthumani & Miltonprabu, 2015) by 

scavenging free radicals, restoring hepatic antioxidation level and their activity, 

suppressing CYP2E1 activity, and activating of Keap-Nrf2 pathway to produce proteins 

or enzyme that involve in the antioxidant defense system. 

A previous study also demonstrated that THC could diminish free fatty 

acid-induced hepatic steatosis through the HepG2 human hepatocellular carcinoma 

cell line model using an in-vitro model. The lipid droplet accumulation and 

triglyceride (TG) level in hepatocyte cells were improved by THC treatment. The 

protective effect of THC on hepatic steatosis was exerted through downregulation of 

lipogenesis transcription factor including sterol regulatory element-binding protein 1 

(SREBP-1c), peroxisome proliferator-activated receptor gamma (PPAR-γ,) and fatty acid 
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synthase (FAS) via activation of adenosine monophosphate-activated protein kinase 

(AMPK) in a dose-dependent manner. On the other hand, THC can induce lipolysis 

through upregulation of PPAR-α, promoting the β-oxidation of fatty acids in a dose-

dependent manner (Chen et al., 2018). Therefore, THC could be an effective agent 

for preventing or managing hepatic steatosis. THC activity against toxic compound-

induced hepatotoxicity and free fatty acid-induced hepatic steatosis indicated that 

THC could be a potential therapeutic agent for hepato-protection against alcohol-

induced liver injury. 

2.2.3 The limitation of THC 

Although THC has several pharmacological activities, it cannot be used 

as a therapeutic agent due to THC is a lipophilic compound with a LogP value of 

3.124 (Bhaskar Rao et al., 2014), resulting in its poor water solubility at 0.0067 mg/ml 

(Setthacheewakul et al., 2011). These physicochemical properties may limit 

gastrointestinal absorption resulting in low bioavailability of THC in the systemic 

circulation (Novaes et al., 2017). To overcome these drawbacks, the encapsulation 

technique was applied to improve the water solubility of THC. Setthacheewakul S et 

al. (Setthacheewakul et al., 2011) encapsulated THC with a solvent mixture including 

a surfactant, oil, and floating agent called a novel self-emulsifying floating drug 

delivery system (SEFDDS). The result showed that SEFDDS provides the controlled 

release of THC over 8 h with 80% of THC released from SEFDDS and only 30% of 

THC released from non-formulated THC in simulated gastric fluid (SGF) condition, 

indicating that the more excellent solubility of THC encapsulated with SEFDDS over 

free THC.  

2.3 Prodrug design approach 

2.3.1 Introduction of the prodrug design approach 

The prodrug design approach has been used to overcome the barriers 

of oral drug administration. The most general barriers to oral drug delivery include 
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poor water solubility, poor absorption, extensive metabolism, and rapid elimination 

from the systemic circulation (Stella et al., 2007). A prodrug is a chemical 

modification of pharmacologically active compounds to improve their properties in 

favor of oral drug administration by conjugating with promoiety via a temporary 

covalent bond linkage such as ester or amide bond (Sanches & Ferreira, 2019). A 

promoiety is selected depending on the objective of prodrug design, availability of 

functional groups in a drug molecule, the safety profile of the conjugated prodrug 

and promoiety compound, and the conversion mechanism of the prodrug in vivo to 

generate the free parent drug (Vig et al., 2013). the prodrugs are theoretically inactive 

compounds, which must be transformed into an active compound by a chemical or 

an enzymatic reaction in vivo to release the active compound and exhibit its 

pharmacological effect (Figure 9) (Huttunen et al., 2011; Vig et al., 2013). 

 

Figure 9 Schematic representation of prodrug design concept  (Adapted from Ref. 

(Huttunen et al., 2011)) 

2.3.2 The enhancement of water solubility by prodrug design approach 

Oral drug delivery is the most common route for drug administration. It 

is a non-invasive approach, administered as accurately and measured dose, and is 
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cheaper than another approach (Bandopadhyay et al., 2020). However, the water 

solubility profile of drug substances is the critical parameter for the pharmacological 

activity of oral drug delivery. When the drug as solid dosage form was intake through 

the gastrointestinal tract, it must be dissolved into a solution that was available for 

absorption across the intestinal membrane and then entered the systematic blood 

circulation (Stegemann et al., 2007). The prodrug design approach can enhance the 

water solubility of a lipophilic compound by conjugation with several promoiety 

compounds including phosphate, amino acid, and dicarboxylic acid. For instance, 

amprenavir is an antiretroviral drug that was classified as the Biopharmaceutics 

Classification System (BCS) class 2 drug, low water solubility and high permeability 

(Savla et al., 2017). According to its physicochemical property, the patient must be 

taken a high dose of the drug per day (Rautio et al., 2008). To overcome this 

drawback, the phosphate ester of amprenavir was developed as the fosamprenavir 

resulting that fosamprenavir having higher solubility than the parent compound (3 

mg/ml vs. 0.04 mg/ml) (Furfine et al., 2004). As a result, fosamprenavir can be 

formulated as a tablet dosage form with tablet size reduction. The success of 

prodrug design is demonstrated by the last twelve years, 2008-2020, that there are 8 

FDA-approved prodrugs designed to improve water solubility as shown in table 3 

(Mullard, 2021; Sanches & Ferreira, 2019). 
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Table 3 The lists of FDA-approved prodrugs during 2008-2020 whose objective is to 
enhance water solubility. 

Prodrug name Chemical structure year 

Fosaprepitant 
dimeglumine 

 

2008 

Fospropofol disodium 

 

2008 

Dabigatran etexilate 

 

2010 

Ceftaroline fosamil 

 

2010 

Tedizolid phosphate 
 

2014 

Isavuconazonium 

 

2015 
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Prodrug name Chemical structure year 

Fosnetupitant 

 

2018 

Fostemsavir 

 

2020 

2.3.2.1 Dicarboxylic acid 

Dicarboxylic acid compounds, namely succinic and glutaric acid, 

are widely used as a promoiety or carrier to improve the aqueous solubility of the 

parent compound via conjugation with an ester bond linkage that has a free terminal 

carboxylic group (Muangnoi et al., 2018; Muangnoi et al., 2021). The ionization and 

polarity of the free terminal carboxylic group play a key role in modulating the 

physicochemical properties of the parent compound in the form of a prodrug. 

According to the ability of dicarboxylic acid to enhance water solubility, paclitaxel 

and docetaxel are widely used as anticancer agents with low water solubility profiles. 

To improve the physicochemical property, they were conjugated with malic acid. As 

a result, the malyl prodrugs have higher water solubility than the parent compound 

20 to 90 times, especially to their salts formed. The anticancer activity was also 

determined using an in vivo model. The results demonstrated a higher effect in 

paclitaxel prodrug (Damen et al., 2000) and a similar effect in docetaxel prodrug 

compared with their parent compounds (Du et al., 2007) as shown in Figure 10. 
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Figure 10 the chemical structure of paclitaxel and docetaxel malyl prodrug sodium 
salt. 

Recently, Muangnoi et al. have modified the chemical structure 

of curcumin by conjugating with glutaric acids via ester bond linkage giving the 

curcumin-diglutaric acid as a diglutaric prodrug as shown in Figure 11 (Muangnoi et 

al., 2018). The ester bond linkage of the curcumin prodrug was broken down under 

alkaline conditions, and the free curcumin was released entirely within 2 hours. This 

study reveals that the water solubility of the prodrug was approximately 100 times 

higher than curcumin (7.48 µg/mL vs. 0.068 µg/mL). In addition, the lipophilicity of 

the prodrug was lower than curcumin with a Log P value of 1.79 and ranging from 

2.56 to 3.29, respectively. The antinociceptive effect of curcumin-diglutaric acid was 

also evaluated in the mice model, and this study compared with curcumin, the 

parent compound. The mice were pre-treated with curcumin or curcumin-diglutaric 

acid in various doses through oral administration. The hot plate method was used to 

monitor the behavior response of mice. The results showed that curcumin-diglutaric 

acid exhibits a higher antinociceptive effect than curcumin regarding the increased 

water solubility that may enhance drug absorption. In 2021, Muangnoi et al. also 
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developed the ester derivative of lutein by using the same promoiety compound, 

glutaric acid. The lutein-diglutaric acid exhibits more potent than lutein for protecting 

against hydrogen peroxide-induced retinal pigment epithelial cells injury (Muangnoi 

et al., 2021). These indicate that glutaric could be used as a potential promoiety 

compound to improve physicochemical properties and pharmacokinetic of an 

interesting molecule. 

 

Figure 11 The chemical structure of curcumin-diglutaric acid prodrug 

2.4 Cell-based model for ethanol-induced hepatotoxicity 

To predict the pharmacological response of substances, competent cell lines 

have been used to explore the pharmacodynamic or efficacy of substances. The 

results from in vitro study can be used to assume the pharmacodynamic effect in 

animals or humans. The cell-based models are widely used for pharmacological 

evaluation prior to the animal models because the cell-based model is easier to 

handle the experimental. It is also lower cost and less time-consuming compared to 

animal or human clinical study. Furthermore, the mechanism of action of treated 

substances can be elucidated by tracking the alteration of targeted molecular and 

cellular biomarkers (Welsh et al., 2009). Although the human primary hepatocytes 

are the most excellent in vitro model comparable to in vivo for drug-induced 

hepatotoxicity studies, their scarce availability of suitable human liver, limited life 

span, and phenotypic instability that CYP gene and other enzymes change their 

expression pattern during cell culture limit their use as in vitro model for 

hepatotoxicity study (Castell et al., 2006). To overcome these drawbacks, 

immortalized liver-derived cell lines or human hepatocellular carcinoma cell lines, 

HepG2, are favorable for hepatotoxicity study (Gerets et al., 2012). These cells have 
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the advantage of high proliferation, easy handling, stable phenotype, and suitable 

experimental reproducibility (Gómez-Lechón et al., 2014). However, there is also 

some limitation of using these cells like its lower CYP enzyme expression than 

human primary hepatocytes, causing the poor response of toxicants (Westerink & 

Schoonen, 2007). Nevertheless, several pieces of evidence indicate that HepG2 can 

be used as an in vitro model to study the effect of protective agents against ethanol-

induced liver damage as shown in table 4. 

Table 4 the summarize of research studies that have been used HepG2 cell line as 
an in vitro model for ethanol-induced hepatotoxicity 

Author 
(year) 

Cell culture 
condition 

Active 
compound 

Concentrations 
of ethanol and 
incubation time 

Ref. 

Farshori NN 
et al. (2015) 

DMEM supplemented 
with 10% FBS, 0.2% 
sodium bicarbonate 
and antibiotic–
antimycotic solution 
(100x, 1 ml/100 ml of 
medium) Incubation 
at 37 °C under 5% 
CO2. 

L. coronopifolia 
extract  
(Pretreated 24 h) 

400 mM, 24 h (Farshori et 
al., 2013) 

Herath 
KHINM et 
al. (2018) 

DMEM supplemented 
with 10% FBS and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

S. quelpaertensis 
leaves 80% 
ethanol extract 

800 mM, 24 h (Madushani 
Herath et 
al., 2018) 
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Author 
(year) 

Cell culture 
condition 

Active 
compound 

Concentrations 
of ethanol and 
incubation time 

Ref. 

Sun X et al. 
(2018) 

DMEM supplemented 
with 10% FBS and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

Paeonol 
(Pretreated 24 h) 

300 mM, 24 h (Sun et al., 
2018) 

Zhang Y  
et al. (2018) 

DMEM supplemented 
with 10% FBS and 
appropriate 
antibiotics Incubation 
at 37 °C under 5% 
CO2. 

Gastrodin 
(Pretreated 4 h) 

600 mM, 24 h (Zhang et 
al., 2018) 

Yuan R et 
al. (2018) 

DMEM supplemented 
with 10% FBS and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

Schisandra 
chinensis acidic 
polysaccharide 
 

3% v/v, 24 h (Yuan et 
al., 2018) 
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Author 
(year) 

Cell culture 
condition 

Active 
compound 

Concentrations 
of ethanol and 
incubation time 

Ref. 

Rabelo ACS 
et al. (2018) 

DMEM supplemented 
with 10% FBS, 1% 
glucose, 1% 
glutamine, and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

Hydroethanolic 
extract of B. 
trimera 
(Pretreated 3 h) 

200 mM, 24 h (Rabelo et 
al., 2018) 

Nagappan A 
et al. (2018) 

DMEM supplemented 
with 10% FBS and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

Gomisin N  
(Pretreated 3 h) 

50 mM, 24 h (Nagappan 
et al., 
2018) 

Yang S et 
al. (2020) 

DMEM supplemented 
with 10% FBS and 1% 
antibiotics (100 U/ml 
of penicillin and 100 
µg/ml of 
streptomycin) 
Incubation at 37 °C 
under 5% CO2. 

D-isofloridoside 
(Pretreated 2 h) 

500 mM, 24 h (Yang et 
al., 2020) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 36 

Author 
(year) 

Cell culture 
condition 

Active 
compound 

Concentrations 
of ethanol and 
incubation time 

Ref. 

Sabitha R  
et al. (2020) 

DMEM culture and 
maintained at 37°C, 
5% CO2 and 95% air 
environment. 

p-Coumaric acid 
(Pretreated 1 h) 

100 mM, 24 h (Sabitha et 
al., 2020) 

Based on the previous research as shown in table 4, the HepG2 cells were 

incubated for 24 h with ethanol at concentrations ranging from low concentration 50 

mM to high concentration 800 mM. Most of them used ethanol higher than 100 – 

200 mM, which was reported as the physiological blood of binge drinkers since high 

concentration significantly promotes cell response (Henzel et al., 2004; Zhang et al., 

2018). Consequently, HepG2 cells died and biomarkers of oxidative stress were 

changed. The modulation of biomarkers of oxidative stress includes the decreasing of 

enzymatic antioxidant activity (SOD, CAT, and GPx), the decreasing of GSH level, and 

the increase of lipid peroxidation or malondialdehyde (MDA) (Lowe, 2014). The 

antioxidant agent can reverse the alteration of these biomarkers resulting in 

increased cell viability of HepG2 cells. Therefore, the HepG2 cell line could be used 

as an in vitro model to study the hepatoprotective effect of THC and TDG against 

ethanol-induced hepatotoxicity. 

Hence, the THC prodrug containing glutaric acid as a promoiety will be an 

interesting approach to enhance the water solubility of THC. In the present study, 

THC-diglutaric acid (TDG, Figure 11) was synthesized via an esterification reaction. The 

physicochemical properties, including water solubility, Log P value, stability, and drug 

release, were determined. The protective effect against alcohol-induced 

hepatotoxicity was also evaluated in the human hepatocarcinoma cell line. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 RESEARCH METHODOLOGY 

3.1 Chemicals, Cell lines, Media, and Equipment 

1) Tetrahydrocurcumin, Zhonglan Industry, China 

2) Glutaric anhydride, TCI, Japan 

3) N, N-Diisopropylethylamine (DIPEA), Oakwood chemical, USA 

4) Dichloromethane, Carlo Erba, France 

5) Hexane, RCI Labscan, Thailand 

6) Acetonitrile, Thomas Baker, India 

7) Chloroform-D (CDCl3), Cambridge Isotope Laboratory, Inc., USA 

8) Silica gel 60 – 200 µm (70 – 230 mesh), SiliCycle Inc., Canada 

9) Formic acid, Carlo Erba, France 

10) UHQ Water System, Milli-Q, USA 

11) Nuclear Magnetic spectrometer 500 MHz, Jeol, Japan 

12) High-performance liquid chromatography-mass spectrometry (HPLC/MS) 

consisting of Dionex Ultimate 3000 HPLC, The Thermo Fisher Scientific, USA, 

coupled with MicrOTOF-QII mass spectrometer, Bruker, Germany 

13) Bruker/Alpha platinum ATR, Bruker, USA 

14) Differential scanning calorimeter (DSC 8000), PerkinElmer, USA 

15) Shimadzu Nexera XR UHPLC system, SHIMADZU SCIENTIFIC INSTRUMENTS, 

USA 

16) Human hepatocellular carcinoma (HepG-2, ATCC), USA 

17) Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 12800), USA 

18) Fetal bovine serum (FBS) (Gibco, 16000-044), USA 

19) Penicillin-Streptomycin (Gibco, 15140-122), USA 

20) Vortex mixer, Model: Vortex-Genie 2, Scientific Industries, USA 

21) pH meter, Model: SevenEasyTM, METTLER TOLEDO, Italy 

22) Stirrer, Model: IKA® C-MAG HS-7 
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23) Centrifuge (Hettich instrument 1706-01 Rotina 380R Benchtop), USA 

24) Microplate reader (CLARIOstar, BMG LATECH, Germany) 

25) 96-well plates for cell culture (Corning), USA 

26) 48-well plates for cell culture (Corning), USA 

27) 96-well black/clear bottom plates for cell culture (Corning), USA 

28) 6-well plates for cell culture (Corning), USA 
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Methodology of study 

The methodology of this study is demonstrated in Figure 12. 

 
Figure 12 Methodology of the study 
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3.2 Synthesis of tetrahydrocurcumin-diglutaric acid conjugate 

The synthesis scheme of TDG is depicted in Figure 13. In brief, a solution of 

THC (1.00 g, 2.69 mmol) in 5 mL anhydrous dichloromethane was added in the 

round-bottom flask containing a mixture of glutaric anhydride (1.23 g, 10.74 mmol) 

and DIPEA (0.73 ml, 5.37 mmol). The reaction was set for stirring under a nitrogen 

atmosphere at room temperature for 3 h. After that, the completeness of the 

reaction was monitored using TLC (hexane: dichloromethane: acetone = 4:4:2 with 

1% formic acid) by observing the disappearance of the THC spot. The mixture 

solution was concentrated under reduced pressure using a rotary evaporator, and the 

residual was re-dissolved with ethyl acetate. The ethyl acetate solution was 

performed liquid-liquid extraction using 0.1 M HCl and DI water successively to 

remove water-soluble compounds such as DIPEA and excess free glutaric acid. The 

ethyl acetate layer was collected, and the residual water was adsorbed using 

anhydrous sodium sulfate. Then, the dried ethyl acetate layer was concentrated 

under reduced pressure. The obtained crude product was purified by column 

chromatography on silica gel 60 – 200 µm (70 – 230 mesh) using hexane, 

dichloromethane, and acetone as a mobile phase system at ratio 1:0:0 to 6:2:2 with 

1% formic acid. Additionally, all purified fractions were collected in one container 

and subjected to further purification crystallization in a mixture of dichloromethane 

and hexane. The product TDG was obtained as a light-yellow solid. The chemical 

structure of TDG was identified by NMR spectroscopy, mass spectrometer, and IR 

spectroscopy. For NMR spectroscopy, the sample was dissolved in CDCl3. Chemical 

shifts of 1H and 13C were given as δ values in parts per million (ppm) relative to the 

CDCl3 peak at 1H = 7.26 ppm and 13C 77.0 ppm, and coupling constants were 

reported as J values in Hertz (Hz). 
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Figure 13 Synthesis scheme of tetrahydrocurcumin-diglutaric acid (TDG) conjugate via 
an ester bond linkage. 

3.3 Physicochemical properties evaluation 

3.3.1 Preparation of buffer solutions 

In this study, pH 1.2, 4.5, 6.8, and 7.4 buffer solutions were prepared 

according to the United States Pharmacopeia (USP) as described below:  

Hydrochloric acid buffer (pH 1.2) was prepared by dissolving 0.7455 g of 

potassium chloride (KCl) in water 50 ml to make 0.2 M KCl. After that, 50 ml of 0.2 M 

KCl was mixed with 85 ml of 0.2 M HCl in a 200 ml volumetric flask followed by 

adjusting to volume with water. 

Acetate buffer (pH 4.5) was prepared by dissolving 2.99 g of sodium 

acetate (NaC2H3O2·3H2O) 2.99 g with 14 ml of 2 N acetic acid solution in a 1000 ml 

volumetric flask followed by adjusting to volume with water. 

Phosphate buffers (pH 6.8 and 7.4) were prepared by first dissolving 

27.22 g of monobasic potassium phosphate (KH2PO4) in water in a 1000 ml 

volumetric flask to make 0.2 M KH2PO4. Then, 50 ml of 0.2 M KH2PO4 were added to 

22.4 and 39.1 ml of 0.2 M sodium hydroxide solution (NaOH) in a 200 ml volumetric 

flask, then adjusted to volume with water to obtain pH 6.8 and 7.4 buffered 

solutions, respectively.  

3.3.2 Solubility test 

The solubility of TDG was measured and compared with THC by using 

the standard shake flask method as described in the OECD guideline. The excess 

amount of solid THC and TDG (around 5.0 mg) was dissolved in water, buffer solution 

pH 1.2 (0.2 M HCl), pH 4.5 (acetate buffer), pH 6.8 (phosphate buffer), and pH 7.4 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 42 

(phosphate buffer) 2 ml, individually prepared in triplicate. For water solubility 

testing, it was continuously shaken using a controlled temperature water bath at 100 

rpm for 24 h at 30 °C. After the shaking process, the samples were left for 24 h at 25 

°C to equilibrate. In buffer solubility testing, they were continuously shaken using a 

controlled temperature water bath at 100 rpm for 24 h at 37 °C. After that, the 

samples were centrifuged, then an aliquot of the supernatant was taken to measure 

the concentration of THC or TDG in the water using the calibration curves generated 

from UHPLC-UV analysis. The dilution factors of TDG in buffer solution pH 6.8 and 

THC in all conditions were 100 and 10, respectively. 

3.3.3 Partition Coefficient 

The partition coefficients (log Po/w) of THC and TDG were measured by 

the shake-flask method as described in the OECD guidelines for testing samples. The 

saturated solution of two immiscible solvents, n-octanol and pH 1.2 buffer, was used 

to measure the log Po/w of TDG at 25 ± 1 °C. They were mixed in three ratios (n-

octanol: pH 1.2 buffer ratio = 1:1, 2:1, and 1:2), with each experiment performed in 

duplicate to obtain 6 log Po/w values. Then, the mixtures were shaken at 180° 

rotation through its transverse axis at approximately 100 times in 5 min at 25 ± 1 °C 

by hand followed by centrifugation at 25 °C at 14,000 rpm for 10 minutes to separate 

the two phases. The concentration of TDG in each phase was measured using the 

calibration curves from the UHPLC-UV analysis. The dilution factor of TDG and THC in 

the n-octanol phase was 250. The log Po/w values were calculated using the equation 

below:  

log Po/w = Log [(conc. of compound in n-octanol) / (conc. of compound in water)] 

3.3.4 Stability study 

Each stock acetonitrile solution of THC and TDG was prepared at a 

concentration of 400 µM. Then, the stock solution of each compound was diluted 

with buffer solution pH 1.2, pH 4.5, pH 6.8, and pH 7.4 to obtain a final concentration 
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of 20 µM, with each experiment performed in triplicate. The solutions were 

incubated at a temperature of 37 °C for 36 h. After that, THC and TDG were analyzed 

at appropriate time intervals using the UHPLC-UV method, as shown in Table 5:  

Table 5 The time interval for stability study in pH 1.2, 4.5, 6.8, and 7.4 

Buffer solution 
Time interval (h) 

0 0.17 0.33 0.5 1 2 4 8 12 18 24 36 

pH 1.2 and 4.5 ✓ - - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

pH 6.8 and 7.4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

✓ = conducted, - = Not conducted 

The degradation pathway of TDG follows a pseudo-first-order kinetic 

according to the two ester bond linkages in its chemical structure. In solution, TDG 

was degraded into tetrahydrocurcumin-monoglutaric acid (TMG) with a rate constant 

of k1. Then, TMG was further degraded into THC with a rate constant k2, as shown in 

Figure 14. To calculate the degradation rate constant and half-life of TDG in each 

buffer solution, the % of TDG remaining in the solution was plotted versus time to 

generate the non-linear curve. This non-linear curve was fitted with the estimated 

value calculated from the consecutive pseudo-first-order equation, as shown in 

Figure 14. Then, the non-linear regression analysis was conducted by using the 

SOLVER function in the Excel program to improve the fit and generate the rate 

constant (kobs) and half-life (t1/2) of TDG in the buffer solutions. 
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Figure 14 The degradation pathway of tetrahydrocurcumin-diglutaric acid (TDG) and 
the equation formula of consecutive kinetic to estimate the concentration of each 
compound at each time point. 

3.3.5 Drug release kinetics study 

Human plasma was added with a stock solution of tetrahydrocurcumin-

diglutaric acid to prepare the final concentration at 80 µM. The added plasma was 

incubated at 37 °C for 4 h. The release profile of TDG in the plasma was determined 

at appropriate time intervals (0, 0.08, 0.17, 0.33, 0.67, 1, 2, 3, 4 h) by adding 10% w/v 

zinc sulfate followed by acetonitrile to precipitate the proteins followed by the 

analysis using the UHPLC. A non-linear curve was generated by plotting the % of TDG 

remaining in the plasma versus time to determine the rate constant and half-life of 

TDG in plasma. This non-linear curve was fitted with the estimated value from the 

consecutive pseudo-first-order equation, as shown in Figure 14. Then, the non-linear 

regression analysis was conducted by using the SOLVER function in the Excel program 

to improve the fit and generate the rate constant (kobs) and half-life (t1/2) of TDG in 

plasma. 

3.4 Chromatographic UHPLC system for THC and TDG analysis 

3.4.1 UHPLC instrumentation 

A previously published HPLC analytical method of tetrahydrocurcumin 

was adapted with some modifications (Novaes et al., 2017). In this study, the 

Shimadzu Nexera XR UHPLC system (SHIMADZU SCIENTIFIC INSTRUMENTS, USA), 

consisting of an LC-20AD binary pump equipped with a DGU-20A degasser and SIL-
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20AC thermostat autosampler, was used to analyze THC and TDG. They were carried 

out in a HALO C18 column (50 × 4.6 mm, 2.7 µm) with UV detection at 280 nm. 

3.4.2 Chromatographic condition 

The chromatography was performed using an isocratic system. The 

autosampler and column chamber temperatures were set at 25 °C and 35 °C, 

respectively. The flow rate was fixed at 1.0 mL/min, and UV detection was used at a 

wavelength of 280 nm. For the mobile phase, isocratic elution was eluted with 

mobile phase A (1.0% v/v formic acid in water) and B (1.0% v/v formic acid in 

acetonitrile) at a ratio of 60:40, injection volume 10 µl, and total analysis time of 9 

min per injection. 

3.5 Pharmacological activity evaluation 

3.5.1 Cell Culture 

The HepG2 cell lines were purchased from the American Type Culture 

Collection (ATCC, Rockville, MD, USA). The cells were cultured in DMEM media 

containing 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin in an 

atmosphere under 5% CO2 at 37 °C (Madushani Herath et al., 2018; Sun et al., 2018). 

3.5.2 Cell viability assay 

The colorimetric MTT (3-[4,5-di-methyl-thiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide) assay was used to evaluate cell viability. Briefly, HepG2 cells 

were cultured in 96 well-plates at cell density 5×104 cells/well with various 

concentrations of TDG or THC (1 – 50 µM) or ethanol (200 – 1,000 mM) for 24 h to 

determine the cytotoxic concentration of THC, TDG, and ethanol. The 

hepatoprotective effects of THC and TDG against ethanol-induced liver cell death 

were evaluated by incubating the THC and TDG at concentrations of 12.5 and 25 µM 

with HepG2 cells at a density 1×105 in 48-well plates for 24 h followed by adding 

600 mM of ethanol to induce cell death for 24 h. In this experiment, 0.5% DMSO 

solution was used as vehicle control. After incubation, the MTT reagent (0.5 mg/mL) 
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was added and incubated at 37 °C for 4 h. Then, the medium solution was removed, 

and formazan crystals were dissolved by DMSO to obtain the purple-colored 

solution. The cell viability was monitored by measuring absorbance intensity at 540 

nm via a microplate reader. The percentage cell viability was determined by the 

equation below (Rabelo et al., 2018): 

% Cell viability = (absorbance of treated cells/absorbance of control) × 100 

3.5.3 Measurement of intracellular ROS 

The accumulation of intracellular ROS was evaluated by fluorescence 

intensity using a 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) assay. HepG2 

cells were cultured in 96-well black/clear-bottom plates at a cell density of 5×104 

cells/well and then pre-treated with THC or TDG at concentrations 12.5 and 25 µM 

for 24 h. After that, the cells were induced with 600 mM of ethanol for 24 h. In this 

experiment, 0.5% DMSO solution was used as vehicle control. After that, the treated 

cells were rinsed with phosphate-buffered saline (PBS), and 10 µM DCFH-DA in PBS 

was added into the cells and then incubated at temperature 37 °C for another 20 

min (Senthil Kumar et al., 2012). DCFH-DA permeated into cells and was transformed 

into non-fluorescent 2’,7’-dichlorodihydrofluorescein (DCFH) by cellular esterase 

through deacetylation reaction. Subsequently, ROS was rapidly oxidized 

nonfluorescent to 2’,7’-dichlorofluorescein (DCF), which has a highly fluorescent 

capacity (Lee et al., 2017). After incubation, intracellular ROS content was examined 

using a fluorescence microplate reader at 485/530 nm. The percentage of DCF 

fluorescence was calculated by comparing it with the untreated control group 

assigned to be 100%. 

3.5.4 Investigation of antioxidant enzyme activities and reduced 

glutathione (GSH) level 

HepG2 cells were cultured in 6-well plates with cell density 1.0 × 106 

cells/well and then incubated with THC or TDG for 24 h at concentrations of 12.5 or 
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25 µM. After that, the cells were induced with ethanol 600 mM for 24 h. In this 

experiment, 0.5% DMSO solution was used as vehicle control. After incubation, cells 

were lysed by incubating with PBS containing 0.5% (v/v) triton-x100. The cell lysate 

was centrifuged at 14,000 rpm at 4°C for 10 min to acquire the supernatant to 

evaluate the activities and level of antioxidant molecules. The activities of CAT and 

GPx and the level of GSH were measured using commercially available assay kits. In 

brief, catalase activity was evaluated using methanol as a substrate to produce 

formaldehyde. Then, formaldehyde was reacted with 4-amino-3-hydrazino-5-

mercapto-1,2,4 triazole (Purpald®) to obtain a purple-colored solution. The intensity 

of color was directly proportional to the CAT activity (Johansson & Håkan Borg, 1988). 

The GPx activity was evaluated indirectly using glutathione reductase (GR) as a 

coupled reaction. GPx enzyme plays a key role in reducing hydroperoxide into water 

and alcohol by using GSH as a reducing agent to form oxidized glutathione (GSSG). 

Then, GSSG was reduced by GR and NADPH converting back to its reduced state. 

Therefore, the decreasing of NADPH was used to determine the activity of GPx by 

measuring the absorbance at 340 nm (Baumber & Ball, 2005). In a reduced 

glutathione assay, glutathione reductase (GR) will reduce GSSG forming GSH. Then 

total GSH (GSH and GSSG) will be reacted with Ellman's reagent or 5,5′-dithio-bis (2-

nitrobenzoic acid) (DTNB) to generate the yellow substance named 5′-thio-2-

nitrobenzoic acid (TNB), which can be monitored at absorbance 412 nm (Rahman et 

al., 2006). 

3.5.5 Evaluation of caspase-3 and -9 activities 

HepG2 cells were cultured in 6-well plates with cell density 1.0 × 106 

cells/well and then incubated with THC or TDG for 24 h at concentrations of 12.5 or 

25 µM. After that, the cells were induced with ethanol 600 mM for 24 h. In this 

experiment, 0.5% DMSO solution was used as vehicle control. A hypotonic buffer 

consisting of 20 mM Tris-HCl pH 7.5, 1 mM ethylenediaminetetraacetic acid, 100 µM 

phenylmethanesulfonyl fluoride, 2 µg/mL aprotinin, pepstatin, and leupeptin was 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 48 

used to lyse the treated cells. Then, the supernatant was separated from the cell 

lysate to determine the activities of caspases by adding the specific substrates of 

caspase-3 and -9 (N-acetyl-Asp-Glu-Val-Asp p-nitroanilide or N-acetyl-Leu-Glu-His-Asp 

p-nitroanilide, respectively) at a concentration of 100 µM followed by incubation at 

37 °C for 1 h. The activities of the caspases were measured using the absorbance 

values at 405 nm with a microplate reader. 

3.6 Statistical analysis 

All experiments were performed using three independent replicates, and data 

were reported as mean ± SD. Differences between groups were analyzed using one-

way ANOVA and Tukey HSD as a post hoc test with a p-value < 0.05 considered 

statistically significant. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 RESULTS 

4.1 Synthesis and Characterization of tetrahydrocurcumin-diglutaric acid 

According to TLC results for monitoring the progression of the reaction, the 

spot of starting material, THC, at an Rf value of 0.43 disappeared and only a spot at 

an Rf value of 0.14 occurred after 3 hours. After the crude product was purified by 

column chromatography and recrystallization, the light-yellow solid compound was 

obtained in good yield (%Yield = 84.92) with purity higher than 99% resulting from 

HPLC chromatography. The chemical structure of TDG was characterized as following 
1H NMR (500 MHz, CDCl3) δ (ppm): 2.03 – 2.10 (m, 4H), 2.52 – 2.57 (m, 8H), 2.65 (t, J = 

7.2 Hz, 4H), 2.77-2.89 (m, 4H), 3.51 (s, 2H), 3.77 (s, 6H), 5.38 (s, 1H), 6.70 – 6.76 (m, 

4H), 6.92 (m, 2H); 13C-NMR (CDCl3): 203.28, 193.00, 179.16, 171.26, 150.86, 150.83, 

139.72, 139.63, 138.02, 122.66, 122.64, 120.45, 112.66, 112.59, 100.05, 57.57, 55.85, 

45.23, 40.07, 32.97, 32.86, 31.54, 29.33, 20.01; HRMS calculated for C31H36O12 [M + 

Na+]: 623.2104; found 623.2111; melting point was 124.35 °C; the IR spectrum of TDG 

showed a broad spectrum for hydroxyl group of carboxylic acid at 2500 - 3500 cm-1 

and a band at 1759 cm-1 was designated for carbonyl (C=O) of phenolate ester. The 

carbonyl (C=O) of carboxylic was represented by the band at 1704 cm-1. The band at 

1599 cm-1 represents the carbonyl group (C=O) of keto-enol tautomerism. The 

aromatic double bond was shown at 1510 and 1420 cm-1. The band at 1035 cm-1 was 

assigned for the methoxy group (O-CH3). The NMR, MS, and IR results are shown in 

Figures 15-18 and 34-36.  
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Figure 15 1H NMR spectrum of TDG 

 
Figure 16 13C NMR spectrum of TDG 
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Figure 17 High-resolution mass spectrometry (HRMS) spectrum of TDG 

 
Figure 18 IR spectrum of TDG 
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4.2 Physicochemical and biopharmaceutical characterization 

4.2.1 Solubility 

The solubilities of THC and TDG in each condition are shown in Table 6. 

TDG had lower solubility than THC in water and acidic buffer solution pH 1.2 and 4.5. 

However, TDG had a solubility almost 20 times higher than THC in phosphate buffer 

pH 6.8. 

Table 6 Solubility of THC and TDG in various conditions 

Solubility condition 
THC 

(µg/mL) 

TDG 

(µg/mL) 

water 25.83 ± 0.54 6.72 ± 0.46 

HCl-KCl Buffer pH 1.2 31.88 ± 4.83 2.14 ± 0.24 

Acetate Buffer pH 4.5 36.37 ± 3.90 5.93 ± 0.26 

Phosphate Buffer pH 6.8 43.26 ± 4.38 792.40 ± 32.40 

4.2.2 Partition coefficient (LogP) 

To evaluate the lipophilicity of the compounds and estimate their 

ability to pass through the intestinal membrane, the Partition coefficient or LogP was 

investigated by using the shake flask method with buffer pH 1.2 and n-octanol. HPLC 

was used to quantify the amount of THC or TDG in each phase. The results showed 

that TDG had a logP value of 3.03 ± 0.26, higher than THC (LogP = 2.68 ± 0.22). 

Therefore, TDG was more lipophilic than THC. 

4.2.3 Stability in buffer 

THC was stable in buffer pH range 1.2 to 7.4 based on a previous report 

(Pan et al., 1999). Similarly, TDG was found to be stable in acidic conditions at pH 1.2 

and 4.5 with half-lives of 29.7 h and 22.0 h, respectively. However, TDG was unstable 

under basic conditions and converted into TMG and THC consecutively. The rate 

constant and half-life of TDG in each buffer solution are shown in Table 7. 
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Table 7 Rate constant (k) and half-life (t1/2) of TDG at pH 1.2, 4.5, 6.8, and 7.4. 

Buffer solution 
Tetrahydrocurcumin-diglutaric acid (TDG) 

Rate constant (kobs, h-1) Half-life (t1/2, h) 

HCl-KCl Buffer pH 1.2 0.023 29.7 

Acetate Buffer pH 4.5 0.031 22.0 

Phosphate Buffer pH 6.8 0.066 10.5 

Phosphate Buffer pH 7.4 0.074 9.4 

4.2.4 Kinetic drug Release in plasma 

To demonstrate the degradation behavior of TDG in the systemic 

circulation, TDG was added into plasma and incubated at 37 °C. At appropriate time 

intervals, the sample was analyzed by UHPLC. The results showed that TDG was 

rapidly converted into TMG and THC consecutively with a rate constant of 0.758 h-1 

and a half-life of 0.9 h. Furthermore, TDG was completely degraded within 4 h. 

4.3 Evaluation of the hepatoprotective effects of THC and TDG against 

alcohol induced-oxidative damage in HepG2 cells 

4.3.1 Determination of cytotoxicity in HepG2 cells 

As shown in Figure 19A, the pretreated cells with various concentrations 

of THC and TDG for 24 h did not show any cytotoxicity effect at concentrations range 

1 to 25 µM. Then, the concentration of ethanol inducing approximately 50% of cells 

death was investigated. The results showed that the treatment of HepG2 cells with 

ethanol for 24 h caused cells death in a dose-dependent manner and ethanol at 600 

mM can reduce the cell viability to 50% as shown in Figure 19B. Therefore, the 

maximum concentration of THC and TDG for further experiments was 25 µM while 

ethanol was used at 600 mM with 24-h incubation to induce cell death. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 54 

 
Figure 19 Cytotoxicity evaluation using MTT assay in HepG2 cells incubated with 
various concentrations of (A) THC and TDG and (B) ethanol for 24 h.  Values are given 

as average % cell viability normalized to the nontreated control cells (mean ± SD, in 

three independent experiments) and analyzed using One-Way ANOVA followed by 

Tukey post hoc test, *p < 0.05 vs. non-treated control group. 

4.3.2 The protective effect of THC and TDG on alcohol-induced cell 

death 

To determine the hepatoprotective effect against ethanol-induced cell 

death of THC and TDG, The MTT assay was used to determine the cell viability of 

HepG2 cells after ethanol incubation for 24 h. The results showed that cell viability 

was improved in THC and TDG pretreatment groups compared to the ethanol 

treatment group. Moreover, the cell viability of TDG pretreatment was effectively 

higher than THC as seen by the lower concentration of TDG than THC (12.5 µM vs. 25 

µM) to exhibit a similar outcome as shown in Figure 20. These results indicated that 

TDG was more potent than THC to protect liver cells from ethanol toxicity. 
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Figure 20 Hepatoprotective effects of THC and TDG on HepG2 cells.  HepG2 cells 
were pre-incubated with THC or TDG at concentrations of 12.5 and 25 µM for 24 h. 
Then, cells were exposed to ethanol 600 mM for 24 h. After incubation, cell viability 
was evaluated by MTT assay.  Values are given as average % cell viability normalized 

to nontreated control cells (mean ± SD values, in three independent experiments) 

and analyzed using One-Way ANOVA followed by Tukey post hoc test, *p<0.05 

compared to the nontreated control group, #p<0.05 compared to the ethanol 

treatment group and $p<0.05 compared to the THC treatment at corresponding 

concentrations. 

4.3.3 Effects of THC and TDG on ROS level 

As shown in Figure 21, treated HepG2 cells with ethanol exhibit an 

increased intracellular level of ROS compared to the control group. However, pre-

treatment of cells with THC and TDG at concentration 25 µM for 24 h can suppress 

ROS production by 38.11% and 75.28%, respectively. TDG was more potent than THC 

to protect cells from alcohol-induced oxidative stress. Moreover, TDG was used at a 

lower concentration than THC about two times (12.5 vs. 25 µM) to show the 

corresponding outcome. 
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Figure 21 Effect of THC and TDG on alcohol-induced ROS generation in HepG2 cells.  
HepG2 cells were prior incubated with THC or TDG at concentrations 12.5 and 25 µM 
for 24 h. Then, cells were exposed to ethanol 600 mM for 24 h. After incubation, 
DCFH-DA was used to determine the ROS level.  Values are given as mean ± SD 
values of three independent experiments and analyzed using One-Way ANOVA 
followed by Tukey post hoc test, *p<0.05 compared to the nontreated control group, 
#p<0.05 compared to the ethanol treatment group, and $p<0.05 compared to the 
THC treatment at corresponding concentrations. 

4.3.4 Effects of THC and TDG on CAT, GPx activities and GSH level 

The decreasing of CAT and GPx activities and the depletion of GSH level 

after treated cells with ethanol 600 mM for 24 h were shown in Figure 22. These 

findings were consistent with the increase of intracellular ROS which represented the 

oxidative stress condition. The pre-treatment of cells with THC and TDG can restore 

the capacity of the antioxidant defense system. The results at concentration 25 µM, 

the CAT activity was increased by 24.13% and 36.14% and GPx was increased by 

24.26% and 44.94% in THC and TDG treatment groups, respectively (figure 22A-B). 

Furthermore, the level of GSH was also increased by 25.29% and 44.15% in THC and 

TDG treatment groups, respectively (figure 22C). Notably, TDG exhibited better 
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antioxidant activity and higher GSH levels than THC. Nevertheless, the treated cells 

with TDG (TDG control group) showed the upregulation of antioxidant enzymes 

activities and cellular GSH level.  

 
Figure 22 THC and TDG ameliorate alcohol-induced antioxidant defense depletion 
(A) CAT activity, (B) GPx activity, and (C) GSH level.  HepG2 cells were prior incubated 
with THC or TDG at concentrations 12.5 and 25 µM for 24 h. Then, cells were 
exposed to ethanol 600 mM for 24 h. After incubation, (A) CAT activity and (B) GPx 
activity, and (C) GSH level were determined by kits assay.  Values are given as mean 
± SD values of three independent experiments and analyzed using One-Way ANOVA 
followed by Tukey post hoc test, *p<0.05 compared to the nontreated control group, 
#p<0.05 compared to the ethanol treatment group, and $p<0.05 compared to the 
THC treatment at corresponding concentrations. 

4.3.5 Effects of THC and TDG on caspase-3 and -9 activity 

To determine the effect of THC and TDG on the inhibition of the 

apoptosis pathway induced by ethanol, the activities of caspase-3 and -9 were 
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evaluated. As shown in Figure 23, the activities of caspase-3 and -9 were significantly 

enhanced by 5.21 and 4.24-fold after incubation with ethanol 600 mM for 24 h. 

However, the pre-treatment of cells with THC and TDG (25 µM) remarkably suppress 

the activities of caspase-3 and caspase-9. Similar to previous results, the activities of 

caspases in the TDG group were effectively reduced than THC at the corresponding 

concentration. These results indicated that TDG was more potent than THC to 

prevent ethanol-induced apoptosis. 

 
Figure 23 THC and TDG suppress alcohol-induced apoptosis on HepG2 cells.  Cells 
were prior incubated with THC or TDG at concentrations 12.5 and 25 µM for 24 h. 
Then, cells were exposed to ethanol 600 mM for 24 h. After incubation, the activities 
of (A) caspase-3 and (B) caspase-9 were determined by adding specific substrates of 
caspase -3 and -9 and measuring the absorbance at 405 nm.  Values are given as 
mean ± SD values of three independent experiments was analyzed using One-Way 
ANOVA followed by Tukey post hoc test), *p<0.05 compared to the nontreated 
control group, #p<0.05 compared to the ethanol treatment group, and $p<0.05 
compared to the THC treatment at corresponding concentrations. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 DISCUSSION AND CONCLUSION 

The synthesis of TDG was adapted from previous research with some 

modifications (Muangnoi et al., 2021). The glutaric anhydride was used as a substrate 

to conjugate with THC due to the more reactive cyclic acid anhydride than the free 

carboxylic group for one-step esterification with the phenolic group of THC (Trabelsi 

et al., 2017). This reaction did not use a coupling agent and was carried out at room 

temperature. For the reaction mechanism, the lone pair of oxygen of the phenolic 

group plays a role as a nucleophile to attack the carbonyl group of a cyclic acid 

anhydride. Then, another one of the carbonyl groups becomes the leaving group to 

generate the THC conjugating with glutaric acid via ester bond linkage which has free 

carboxylic at the terminal. The high equivalent of glutaric anhydride (4 equiv. vs. 1 

equiv. of THC) was used to force the reaction to generate the di-substitution of THC 

with glutaric acid. The N, N-Diisopropylethylamine (DIPEA) was used as a proton 

scavenger since DIPEA is a basic compound (pKa = 10.90) with a steric structure that 

provides non-nucleophilic property. After THC was reacted with glutaric anhydride, 

DIPEA will deprotonate the proton of the phenolic group (Bakhtin et al., 2018). 

However, DIPEA can also serve as a catalyst in the esterification by reacting with 

glutaric anhydride to form acylammonium intermediate. The acylammonium 

intermediate was then attacked by the hydroxyl group of phenolic to form an ester 

linkage as depicted in Figure 24 (Ren et al., 2018). Finally, THC can be conjugated 

with glutaric acid via an ester bond linkage. However, only the hydroxyl of the 

phenolic group will be able to conjugate with glutaric acid. The hydroxyl of the 

enolic group cannot be conjugated due to an intramolecular bond between the 

hydroxyl group of enolic and oxygen of ketone resulting in pi-electron resonance 

that will stabilize the lone pair electron of the hydroxyl group to be non-reactive 

(Fragoza-Mar et al., 2011). Although two purification methods including column 

chromatography and recrystallization were used to achieve the highest purity of TDG, 

the yield of the product was still greater than 80%. 
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Figure 24 Proposed mechanism reaction of DIPEA, glutaric anhydride, and THC.  

DIPEA can serve as a (A) base by deprotonating of phenolic proton or (B) catalyst by 

reacting with glutaric anhydride to form acylammonium intermediate. 

The chemical structure of TDG was elucidated by several well-established 

techniques to assure the conjugation between THC and glutaric acid including NMR, 

IR, and MS spectrometry. The 1H NMR spectroscopy can distinguish THC and TDG by 

detecting phenolic protons at a chemical shift of 5.53 ppm reported in the previous 

research (Wagner et al., 2013). This study found that the phenolic proton of THC 

produced a broad signal at a chemical shift of 5.62 ppm. However, the NMR 

spectrum of TDG did not have any signals at chemical shifts 5.53 to 5.62 ppm 

indicating that two phenolic groups of THC were completely formed ester bond 

linkage. Moreover, the success of this conjugation was confirmed by MS 
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spectrometry. The result showed that the mass to charge ratio was observed at 

623.21114 g/mol corresponding to the protonated ion of TDG [M + Na+] with a mass 

error of 1.19 ppm. However, an attempt of synthesizing tetrahydrocurcumin-

monoglutaric acid (TMG) has been made. However, the product was obtained at a 

low yield with contamination of THC and TDG. In addition, the product cannot be 

solidified after the purification process. Therefore, the focus of this study was shifted 

to the synthesis of TDG. 

Moreover, the NMR results revealed that TDG could be tautomerized into 

keto-enol form by showing singlet peaks proton at 3.51 and 5.38 ppm for keto and 

enol form of centered carbon (H-4), respectively. In addition to the methylene 

carbon between β-diketone, the chemical shifts of proton at the heptane chain were 

also different between keto and enol form. The alkyl proton H-1 and H-7 showed 2 

chemical shifts at 2.83-2.84 for keto and 2.86-2.89 ppm for enol. Similarly, the 

chemical shifts at 2.52-2.57 and 2.76-2.79 ppm of the alkyl proton H-2 and H-6 

indicated the enol and keto form, respectively (Figure 15, 16). Therefore, the 

integration of 1H NMR spectrum didn’t correspond to the total number of protons on 

these spectrum areas. 

According to the limitation of THC, a poor water solubility profile is an 

essential factor that limits the absorption of THC through the intestinal membrane 

after oral administration (Boyd et al., 2019). In this study, the physicochemical and 

biopharmaceutical properties of TDG were determined by using a validated UHPLC 

chromatographic system to analyze the sample. The results of analytical method 

validation for quantification of TDG are shown in Table 8. The solubility of TDG in 

buffer pH 1.2, 4.5, and 6.8 was evaluated for simulating the gastrointestinal condition 

(gastric fluid, duodenal fluid, and intestinal fluid, respectively) (Hamed et al., 2016). 

The results showed that TDG had lower solubility in water, buffer pH 1.2 and 4.5 

while enhanced in buffer pH 6.8 compared with THC corresponding to its pKa value 

of free terminal carboxylic groups. The calculation of pKa from MarvinSketch, 
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ChemAxon showed that the pKa value of free terminal carboxylic groups was 3.30 – 

3.90. Therefore, TDG can be ionized completely when dissolved in buffer pH 6.8. In 

addition, the lipophilicity of TDG was higher than THC with logP values of 3.03 and 

2.68, respectively, corresponding to the di-substitution of THC with glutaric acid, 

which has a greater molecular weight than THC (600.2 vs. 372.4 g/mol). In the logP 

evaluation, the buffer pH 1.2 was selected to examine the partition coefficient 

because TDG must be unionized during the examination process. These results 

suggest that TDG may be used orally due to its greater solubility with sufficient logP 

value.  

The amount of a pharmacological substance to persist in biological fluids and 

reach its target areas is generally characterized as a stability profile under various 

gastrointestinal and physiological pH. Therefore, the stability of TDG in buffer 

solutions at different pH including 1.2 (gastric fluid), 4.5 (duodenal fluid), 6.8 

(intestinal fluid) and 7.4 (blood) was determined by a validated UHPLC 

chromatographic system (Constable, 2009; Hamed et al., 2016). The results showed 

that TDG was stable under pH 1.2 and 4.5 with a half-life of over 20 hours. In 

contrast, TDG was susceptible to degradation at pH 6.8 and 7.4 with a half-life lower 

than 10 hours. As expected, the rate constant of TDG degradation under 

physiological pH 7.4 was highest than at lower pH because the ionized carboxyl 

group, which is predominant at pH 7.4 can undergo intramolecular nucleophilic 

attack or intramolecular cyclization on the carbonyl of ester linkage, especially to 

phenyl ester. These findings agree with the previous report (Fredholt et al., 1995; 

Muangnoi et al., 2018). 
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Table 8 the report of analytical method validation parameters for quantification of 
TDG 

Parameters Results 

Linearity 
- Range (µg/ml) 
- Regression equation 
- Correlation coefficient (r2) 
- Lack of fit 

0.40 to 12 
y = 4,969.5558x – 41.9306 
0.9999 
Fcal = 0.29 (NMT F(8,20) = 2.45) 
Appropriate fit for the data 

LOD (µg/ml) 0.25 µg/ml 

LOQ (µg/ml) 0.40 µg/ml 

Accuracy (%recovery) 

- 0.40 µg/ml 
- 8.00 µg/ml 
- 10.00 µg/ml 
- 12.00 µg/ml 

101.8 % 
101.0 % 
100.8 % 
101.5 % 

Precision (Repeatability; %RSD) 

- 0.40 µg/ml 
- 8.00 µg/ml 
- 10.00 µg/ml 
- 12.00 µg/ml 

3.54 
0.52 
0.83 
0.36 

Precision (Intermediate; %RSD) 

- 0.40 µg/ml 
- 8.00 µg/ml 
- 10.00 µg/ml 
- 12.00 µg/ml 

4.97 
0.50 
0.38 
1.06 

As mentioned above, TDG was degraded as consecutive pseudo-first-order 

kinetic into TMG and THC, respectively. The model of degradation kinetic of TDG was 

determined by comparing the r2 values among the 3 models including zero-order 
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kinetic, pseudo-first-order kinetic and second-order kinetic obtained from various 

testing conditions (Reis et al., 2016). The higher r2 value was selected as the kinetic 

model for TDG. As shown in Table 9, the highest r2 was found in pseudo-first-order 

kinetic indicating that pseudo-first-order kinetic is a suitable model for TDG.  

The rate constant and half-life of TDG were calculated using a non-linear plot 

between % of TDG remaining against time and fitting to the consecutive pseudo-first-

order model. After that, Microsoft Excel software was used to analyze non-linear 

least square analysis using equations described in Figure 14. The advantages of non-

linear least-square over the linear least square are the closeness of fitting between 

non-linear least squares curve and hypothetical values curve providing more reliable 

calculation on the rate constant and half-life (Perrin, 2017).  

According to the objective of this study, TDG was designed to be used as a 

prodrug that was expected as a pharmacologically inactive compound (Huttunen et 

al., 2011). Thereby, the transformation procedures of TDG including chemical and 

enzymatic reactions were required to release its active compound (THC). Once the 

prodrug reaches the systemic circulation, blood or plasma plays a significant role in 

the bioconversion of the ester-based prodrug. Then, plasma was chosen to 

investigate the release study of TDG. The results found that TDG was rapidly 

degraded in human plasma containing various esterase enzymes combined with 

intramolecular cyclization to accelerate the hydrolysis of the ester bond (Williams, 

1985). Consequently, it was found that the rate constant in human plasma was 10 

times higher than physiological pH 7.4. Similar to the degradation of TDG in buffer 

solution, the hydrolysis of TDG in human plasma converted TDG into intermediate 

compound or TMG and active compound or THC, consecutively. Therefore, TDG 

could be used as a potential prodrug of THC with improved physicochemical and 

biopharmaceutical properties for oral drug delivery. 
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Table 9 The r2 value of different kinetic models for TDG degradation  

Testing 

condition 

r2 value 

Zero-order Pseudo-first order Second-order 

Buffer pH 1.2 0.9907 0.9999 0.9871 

Buffer pH 4.5 0.9880 0.9998 0.9856 

Buffer pH 6.8 0.9456 0.9984 0.9658 

Buffer pH 7.4 0.9327 0.9974 0.9608 

plasma 0.9334 0.9824 0.9217 

THC has been shown as a protective agent against several xenobiotic 

induced-oxidative stress in different experimental models (Li et al., 2019; Murugan & 

Pari, 2006; Pari & Murugan, 2006; Vacek et al., 2018). Notably, the previous research 

found that THC was more effective than curcumin and silymarin to prevent liver 

tissue from drug-induced oxidative damage in animal models (Pari & Amali, 2005; Pari 

& Murugan, 2004). Based on the concept of the prodrug design approach, we 

hypothesized that TDG would exert a hepatoprotective effect equivalent to its 

parent compound. TDG might be converted to THC via chemical hydrolysis or 

enzymatic hydrolysis through esterase(s) located in the hepatocytes (Li et al., 2017). 

In this study, silymarin was used as a positive control in the evaluation of 

hepatoprotective effects of THC and TDG. Silymarin at 10 µM exhibited 

hepatoprotective effects by improving cell viability after exposure to ethanol as 

shown in Figure 37. The hepatoprotective effect of silymarin is consistent with the 

previous research, indicating that the cell-based assay used in this study was valid as 

an in vitro model for evaluating hepatoprotective effects of THC and TDG (Lee et al., 

2019). Moreover, pretreatment of THC and TDG significantly improved the cell 

viability of HepG2 cells compared to the ethanol-treated group.  

Moreover, the cell viability of TDG was remarkably higher than THC by using a 

lower concentration at 12.5 µM to show a similar effect to THC at concentration 25 
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µM. These results indicated that TDG exerted more potent protective effects against 

alcohol-induced cell death. The higher efficacy of TDG over THC may be resulting 

from the conjugation with glutaric acid that provides the free terminal carboxylic 

group. Several drugs containing carboxylic groups such as atorvastatin, enalapril, and 

valsartan are identified as substrates of organic anion transporter polypeptide (OATP) 

(Kalliokoski & Niemi, 2009). OATP is an influx transporter that plays a role in governing 

the cellular uptake (Kalliokoski & Niemi, 2009). The most relevant members in the 

OATP family that impact the pharmacokinetics of drugs are OATP1B1, 1A2, 1B3, and 

2B1 (Kalliokoski & Niemi, 2009). They are mainly located on the hepatocyte 

membrane, except OATP1A2 (Kalliokoski & Niemi, 2009). Therefore, TDG might be a 

substrate of OATP, which enhances cellular uptake and increases the 

hepatoprotective effect. Further experiments should be performed to validate the 

cellular uptake mechanism of TDG. In addition to the improvement of intracellular 

uptake of TDG, the increase of TDG stability may assist in maintaining the availability 

of TDG at the target site. The previous study indicated that the phenolic group on 

the chemical structure was related to the instability profile of curcuminoids (Vijaya 

Saradhi et al., 2010). Therefore, the ester conjugation of THC with glutaric acid could 

retard the degradation of THC by gradually releasing THC at the target site.  

Numerous research studies showed that the incubation of HepG2 cells with 

specific ethanol concentrations in a particular period caused an increase in 

intracellular ROS levels (Farshori et al., 2013; Madushani Herath et al., 2018; Sun et 

al., 2018). As shown in Figure 21, this study showed results consistent with the 

previous reports. The level of intracellular ROS has increased after incubation of 

HepG2 cells with ethanol concentration 600 mM for 24 h. However, the pretreatment 

with THC and TDG can suppress the increase of ROS and protect cells from oxidative-

induced cell death since THC is an antioxidant compound that can act as a free 

radical scavenger according to its chemical structure containing phenolic group and 

β-diketone moiety (Osawa et al., 1995). The phenolic group is characterized by the 
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attachment of the hydroxyl group to a benzene ring. In the presence of free radicals, 

this hydroxyl group will be broken down and react with free radicals (Malik & 

Mukherjee, 2014). β-diketone can also scavenge the free radical by using active 

methylene carbon between two carbonyl groups. Free radical will attack the 

methylene carbon and the β-diketone was cleaved into dihydroferulic acid (Osawa et 

al., 1995; Sugiyama et al., 1996). 

In addition to the directly scavenging free radical of THC, it can also improve 

the capacity of the intracellular antioxidant defense system by upregulating the 

expression of enzymatic and non-enzymatic antioxidants. Recent research showed 

that THC could restore the activity of SOD, CAT, and GPx and GSH levels after being 

restrained by arsenic-induced oxidative damage in rat models (Muthumani & 

Miltonprabu, 2015). SOD, CAT, and GPx are widely well-known as the first-line 

defense antioxidants preventing the accumulation of free radicals (Ighodaro & 

Akinloye, 2018). Kim et al. (2009) studied the effect of GPx and CAT deficiency in 

ethanol-induced liver injury in GPx and CAT double knockout mice. They found that 

GPx and CAT deficiency mice are more susceptible to alcohol intoxication with higher 

ALT and MDA levels than wild-type mice (Kim et al., 2009). Kessova et al. (2003) 

evaluated the effect of alcohol in SOD deficiency mice. The results indicated that 

SOD is necessary to ameliorate ethanol-induced oxidative damage (Kessova et al., 

2003).  

Moreover, ethanol consumption can cause the depletion of antioxidant 

defense systems, including SOD, CAT, and GPX activity and GSH level that lead to 

promoting liver injury in the mice model (Wang et al., 2021). In this study, the 

reduction of antioxidant enzyme and GSH level was initiated after incubation of 

HepG2 cells with ethanol for 24 h. However, the pretreatment of THC and TDG can 

reverse the activity of antioxidant enzymes and GSH levels. Therefore, the decreasing 

of intracellular ROS may involve the protective effect of THC on the upregulation of 

the antioxidant defense system. However, the increase of the antioxidant defense 
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system of THC might be involved in the Nrf2-Keap1 pathway. The nuclear factor 

erythroid 2–related factor 2 (Nrf2) is a transcription factor that modulates the 

expression of the antioxidant defense system to protect cells from oxidative stress 

(Ma, 2013; Taguchi et al., 2011). The previous research found that THC can 

upregulate the expression of Nrf2 protein and mRNA, resulting in restoring antioxidant 

activities and alleviating oxidative damage (Luo et al., 2019; Wei et al., 2017).  

 Although, apoptosis is a normal cellular process to maintain the homeostasis 

of the cellular population by eliminating the injured cells (Elmore, 2007). However, 

the overwhelming trigger of apoptosis can cause a broad spectrum of diseases, 

including ALD (P. Chen et al., 2019). Therefore, the inhibition or suppression of 

apoptosis could be used as a therapeutic strategy for ALD. The expression of 

caspase-3 and caspase-9 protein and caspase-3 activity has been used as markers for 

apoptosis in several studies (M.-F. Chen et al., 2019; Muangnoi et al., 2019). In 

addition to the induction of oxidative stress by ethanol in liver tissue, it can also 

cause the upregulation of caspases protein levels and their activities, especially 

caspase-3 and -9 (P. Chen et al., 2019; Liang et al., 2021; Peiyuan et al., 2017; Sabitha 

et al., 2020). However, the increase of caspases was suppressed by antioxidant 

molecules corresponding to the reduction of oxidative stress conditions. In 

conjunction with the antioxidant effect results, it was found that the level of 

apoptosis markers, caspase-3 and -9, were reduced after treating cells with THC and 

TDG.  
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Figure 25 The proposed mechanism of TDG for protecting liver cells from alcohol-

induced oxidative damage. 

 In summary, TDG was successfully synthesized with better hepatoprotective 

effects against alcohol-induced oxidative damage than THC by reducing ROS level, 

upregulating the expression of the antioxidant defense system, and inhibiting the 

apoptosis pathway. The more substantial protective effect of TDG may be resulting 

from the conjugation with glutaric acid that is attributed to enhance the stability of 

THC or increase the cellular uptake of TDG into hepatocyte cells via OATP 

transporter. The proposed mechanism underlying the protective effects of TDG 

against alcohol-induced oxidative damage is shown in Figure 25. Moreover, TDG also 

had higher water solubility than THC, approximately 20 times in buffer pH 6.8. 

Therefore, TDG could be used as a potential therapeutic agent for ALD that enabled 

the development of an oral drug delivery formulation (Rautio et al., 2008). Further 

investigation by using in vivo model would confirm the role and provide intensively 

about the underlying mechanism of TDG in these therapeutic functions against 

alcohol-induced hepatotoxicity.  
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APPENDIX A  

The process of calculating rate constant using SOLVER function in Excel 

1. Input raw data into a spreadsheet, the X column is independent variable or 

time, and the Y column is the dependent variable or %remaining sample. 

Then, raw data on X and Y were graphed in a scatter plot. 

 

2. The equation of consecutive pseudo-first-order kinetic was entered in column 

C. After entering the formulation and calculation, and the non-linear 

regression line was not fit to raw data. 
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3. The mean of Y was calculated by =AVERAGE(B9:B20) and the degree of 

freedom (df) was calculated by the total number of data minus 1. 

 

4. Columns D and E were calculated as residuals and squares of residuals. 

Residuals are the difference between data on columns B and C at the same 

time point. Then, the sum of square residual (SSR) was calculated. 
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5. Column F calculated the square of the difference between data on column B 

and the mean of y. Then, the sum of square of different (SuM) was 

calculated. After that, the R2 was calculated as follows: 1-SSR/SuM 

 

6. The standard error (S.E.) was calculated by the square root of SSR divided by 

df. T critical at a significance level of 95% was calculated as follows: 

=tinv(0.05/df). The confidence interval (CI) was calculated by S.E. multiplied 

by t critical. 
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7. The lower and upper limits were calculated by minus data on column C with 

CI or plus data on column C with CI and input results on column G and H, 

respectively. 

 

8. In this step, the raw data on column B and calculated data on column C was 

not fit. Therefore, the SOLVER function in excel was used to improve the fit of 

data. 
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9. In an objective box, enter SSR value cells. In the By Changing variable cells, 

enter the cells to input the kinetic constant. After finishing, click Solve to 

perform the fit. 

 

10. The value of the kinetic constant was shown while the other values in the 

spreadsheet were changed. As shown in the picture below, the R2 was 0.9997 

and the SSR value was reduced to 3.11, indicating that the non-linear 

regression line best fitted the raw data as shown in the graph. 
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APPENDIX B  

The non-linear regression curve of TDG stability and drug release study 

 

Figure 26 The kinetic plots of TDG in buffer solution pH 1.2, n = 3. 

 

Figure 27 The kinetic plots of TDG in buffer solution pH 4.5, n = 3 
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Figure 28 The kinetic plots of TDG in buffer solution pH 6.8, n = 3 

 

Figure 29 The kinetic plots of TDG in buffer solution pH 7.4, n = 3 
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Figure 30 The kinetic plots of TDG in human plasma, n = 3 
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APPENDIX C  

UHPLC chromatograms of THC, TMG, and TDG at 10 µg/ml 

 

Figure 31 UHPLC chromatograms of THC, TMG, and TDG at a concentration of 10 

µg/ml.  THC showed the lowest retention time while TDG had the higher retention 

time. The resolution of all adjacent peaks was higher than 2.0.  
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APPENDIX D  

UHPLC chromatogram for evaluating the purity of TDG 

1. The evaluation of %purity of TDG 

The average total peak area was 498,849 and the average sum of keto and enol 

peak area was 497,395. Therefore, the purity of TDG was 99.71%. The equation to 

calculate the %purity was shown below: 

%Purity = [(AVG peak area of keto + AVG peak area of enol) / total peak area] x 100 
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Figure 32 The UHPLC chromatogram of 100 µg/ml of TDG analyzed with 6 

replications.  
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APPENDIX E  

The calibration curve of TDG 

 

Figure 33 The calibration curve of TDG showed a good relationship between peak 

response and concentration with R square 0.9999.   
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APPENDIX F  

Two-dimensional nuclear magnetic resonance (2D-NMR) spectrum 

 

Figure 34 COSY spectrum of TDG in CDCl3 

 

Figure 35 HMBC spectrum of TDG in CDCl3 
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Figure 36 HSQC spectrum of TDG in CDCl3 
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APPENDIX G  

Hepatoprotective effect of silymarin in alcohol-induced liver cells death 

 

Figure 37 Effect of THC, TDG, and silymarin on ethanol-induced liver cell death. The 

pretreatment of cells with silymarin at 10 µM recovered cell viability to a similar 

level to the untreated control group. Values are given as mean ± SD values of three 

independent experiments and analyzed using One-Way ANOVA followed by Tukey 

post hoc test, *p<0.05 compared to the nontreated control group, #p<0.05 compared 

to the ethanol treatment group, and $p<0.05 compared to the THC treatment at 

corresponding concentrations. 
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APPENDIX H  

Certificate of analysis THC 
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