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ABSTRACT 

Investigation of the Effect of L-Theanine on Glucose and Lipid Metabolism in Rats 

Treated with Doxorubicin  

Doxorubicin (DXN) is a powerful chemotherapeutic agent, commonly used to treat 

solid tumors and hematologic malignancies. It has side effects on glucose and lipid 

metabolism. It is known to induce oxidative stress and inflammation. L-theanine (LT) is a 

non-protein amino acid found in tea. It has multiple biological benefits, including regulating 

glucose and lipid metabolism and exhibiting anti-inflammatory activity. Our study aimed to 

evaluate the effectiveness of LT on the parameters involved in glucose and lipid metabolism 

in Wistar rats treated with DXN. This study involved 28 rats with four groups (n=7/group): 

Control, DXN, DXN+LT200, and DXN+LT400. DXNs were applied at 6 mg/kg/dose (3 

doses on the 4th, 11th, and 18th days), and 200 and 400 mg/kg/day of LT treatments were 

given by oral gavage for 21 days. The levels of insulin, isthmin-1 (ISM1), zinc-α-

glycoprotein (ZAG), free fatty acids (FFA), glutathione peroxidase 4 (GPx4), tumor necrosis 

factor-alpha (TNF-α), and reduced and oxidized glutathione (GSH and GSSG, respectively) 

were determined in serum and/or liver tissue by using commercial kits, and serum iron (Fe) 

and liver malondialdehyde (MDA) by colorimetric methods. While DXN administration 

increased cholesterol, triglyceride, ISM1, and ZAG levels in the serum and liver, LT 

treatment, particularly at 400 mg/kg/day, decreased the levels of these parameters. DXN also 

increased serum iron levels and decreased insulin levels. LT treatment reversed these effects. 

In conclusion, the presence study suggested that insulin, ISM1, and ZAG proteins may play 

roles in DXN’s effects on glucose and lipid metabolism. LT treatment had the potential to 

alter these effects. Further studies are needed to elucidate the effects of DXN and LT 

treatments on parameters involved in metabolism regulation. 

Keywords: Doxorubicin, Insulin, Isthmin-1, Zinc-α-glycoprotein  
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ÖZET 

Doksorubisin Uygulanan Sıçanlarda Glukoz ve Lipid Metabolizmasına L-Teaninin 

Etkisinin Araştırılması 

Doksorubisin (DXN), katı tümörlerin ve hematolojik malignitelerin tedavisinde 

yaygın olarak kullanılan güçlü bir kemoterapötik ajandır. Glukoz ve lipit metabolizması 

üzerinde yan etkileri vardır. Oksidatif stres ve inflamasyonu tetiklediği bilinmektedir. L-

teanin (LT), çayda bulunan protein yapısına dahil olmayan bir amino asittir. Glukoz ve lipit 

metabolizmasını düzenleme ve antiinflamatuar etki gösterme gibi birçok biyolojik faydası 

vardır. Çalışmamız, DXN ile tedavi edilen Wistar sıçanlarında glukoz ve lipit metabolizması 

ile ilgili parametreler üzerinde LT'nin etkinliğini değerlendirmek amacıyla yapılmıştır. Bu 

çalışmaya dört grupta (n=7/grup) 28 sıçan dahil edildi: Kontrol, DXN, DXN+LT200 ve 

DXN+LT400. DXN'lar 6 mg/kg/doz (4., 11. ve 18. günlerde 3 doz) olarak uygulandı ve 200 

ve 400 mg/kg/gün LT tedavileri 21 gün boyunca oral gavaj yoluyla verildi. İnsülin, istmin-1 

(ISM1), çinko-α-glikoprotein (ZAG), serbest yağ asitleri (FFA), glutatyon peroksidaz 4 

(GPx4), tümör nekroz faktörü-alfa (TNF-α) ve indirgenmiş ve okside glutatyon (sırasıyla 

GSH ve GSSG) düzeyleri, serum ve/veya karaciğer dokusunda ticari kitler kullanılarak, 

serum demir (Fe) ve karaciğer malondialdehit (MDA) düzeyleri ise kolorimetrik yöntemlerle 

belirlendi. DXN uygulaması serum ve karaciğerde kolesterol, trigliserit, ISM1 ve ZAG 

düzeylerini artırırken, LT tedavisi, özellikle 400 mg/kg/gün dozunda, bu parametrelerin 

düzeylerini düşürdü. DXN, ayrıca, serum demir düzeylerini artırdı ve insülin düzeylerini 

düşürdü. LT tedavisi bu etkileri tersine çevirdi. Sonuç olarak, bu çalışma insülin, ISM1 ve 

ZAG proteinlerinin DXN'nin glukoz ve lipit metabolizması üzerindeki etkilerinde rol 

oynayabileceğini gösterdi. LT tedavisi bu etkileri değiştirebilme potansiyeline sahipti. DXN 

ve LT tedavilerinin metabolizmanın düzenlemesinde rol alan parametreler üzerindeki 

etkilerini aydınlatmak için daha fazla çalışma ihtiyac vardır. 

Anahtar Sözcükler: Çinko-α-glikoprotein, Doksorubisin, İnsülin, İstmin-1 
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1. INTRODUCTION and AIM 

Doxorubicin (DXN) is an anthracycline chemotherapeutic agent indicated for some 

solid tumors (gastrointestinal, ovarian, breast, brain, etc.) and hematological malignancies 

(lymphoma and leukemia) (1). This drug causes intercalation between the nitrogenous bases 

of DNA and impedes the process of macromolecule biosynthesis. On the other hand, DXN 

exhibits harmful effects in many healthy tissues, including white adipose tissue, liver, 

skeletal, and cardiac muscle (2).   

The predominant mechanism through which DXN-induced liver damage occurs is 

via oxidative stress and apoptotic pathways (3). Inactivation of iron-regulating proteins has 

a role in the increase of oxidative stress by DXN. Because iron generates reactive oxygen 

species (ROS) via the Fenton reaction, this triggers lipid peroxidation (4). Liver damage 

develops when DXN increases oxidative stress. Hepatic enzymes, including alanine 

transaminase (ALT) and aspartate aminotransferase (AST), increase in the blood with 

increased cellular permeability; hepatic damage leads to a decrease in total protein and 

albumin levels (5).  

DXN has been demonstrated to influence body weight, the levels of blood glucose 

and lipids, making symptoms similar to those of type 2 diabetes (T2DM). It also suppresses 

peroxisome proliferator-activated receptor gamma (PPARγ), which controls the expression 

of glucose and fatty acid transporters. It causes hyperglycemia and hyperlipidemia by 

increasing blood glucose and inhibiting lipid clearance, leading to glucotoxicity, lipotoxicity, 

insulin resistance and inflammation (6). 

ISM1 is an adipokine that is highly expressed in various tissues (7, 8). It has a crucial 

role in glucose and lipid metabolism through its insulin-like properties (9). ISM1 has been 

recognized for its role in modulating glucose uptake within adipose tissue and suppressing 

hepatic lipogenesis (8). In an experimental study, an increase in ISM1 levels following DXN 

treatment was reported, which may be linked to ISM1's role in inducing apoptosis (10).  

ZAG is a vital adipokine that has a significant role as a lipid-mobilizing factor in 

adipose tissue. It helps maintain a healthy body weight via promoting lipolysis in adipocytes 

(11, 12). It is expressed in multiple tissues and then released into the body fluid. However, 

liver and adipose tissues are the main sites for ZAG synthesis (11, 13). In subcutaneous 

adipose tissue, a positive correlation exists between insulin sensitivity and the expression of 
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glucose transporter-4 (GLUT-4) mRNA and ZAG. In contrast, a decrease in ZAG affects 

glucose metabolism (13).  

LT is an essential non-protein amino acid found in tea. Various physiological 

functions of LT, including antioxidant, anti-inflammatory, hepatoprotective, and immune-

modulating properties, have been identified (14, 15). LT is metabolized into glutamate in 

liver, and glutamate serves as the precursor to GSH, a powerful antioxidant. It has been 

suggested that LT may regulate glucose, lipid, and protein metabolism (16).  

In the present study, we aimed to evaluate the effectiveness of LT on the parameters 

that contribute to regulating glucose and lipid metabolism in rats treated with DXN. 
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2. LITERATURE REVIEW 

2.1. Doxorubicin 

2.1.1. General Properties of Doxorubicin 

Doxorubicin (DXN), also known as adriamycin (chemical formula: C27H29NO11). It 

is an antineoplastic agent considered one of the antibiotic drugs, derived from the 

Streptomyces peucetius bacterium. Since the 1960s, it has been widely used in chemotherapy, 

mainly in treating solid tumors. It is known to be effective against some cancers, including 

hematologic malignancies, sarcomas, and carcinomas of the breast, lung, ovaries, thyroid, 

and bladder. DXN can be used either alone or combined with other anticancer agents as a 

first-line therapy for bladder (1, 3, 17). DXN is usually administered intravenously. DXN 

may go through a catheter in the chest and remain in place throughout the treatment. It can 

be applied peripherally by inserting a central catheter. In case the patient does not have a 

central line, DXN might be administered through a cannula in the patient's arm. This cannula 

should be renewed each time a DXN treatment is performed (18).  

 

Figure 1. Doxorubicin chemical structure (from Mattioli, 3) 

DXN exhibits its anticancer activity through multiple mechanisms, many of which 

depend on drug binding to DNA, thereby affecting DNA structure and ultimately leading to 

cell death (19). Anthracyclines are mostly planar, aromatic molecules that can intercalate 

with DNA by inserting between base pairs, thereby separating adjacent base pairs and being 

anchored to the DNA minor groove by the sugar moiety (2, 20). DXN intercalates with DNA 

through hydrogen bonding with guanine, which disrupts the DNA replication and 
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transcription processes. This leads to an untwisted DNA molecule, which causes positive 

supercoiling of the DNA helix and therefore destabilizes nucleosomes (3, 19). 

Anthracyclines, in general, can form adducts with DNA by covalent and hydrogen bonds 

with the two DNA strands. This results in disturbance of normal DNA function, blocking 

replication and transcription. In contrast to intercalation, which is reversible, DNA adduct 

formation is more permanent, leading to long-lasting DNA damage and cell death (2).  

2.1.2. Doxorubicin Side Effects 

Besides its chemotherapeutic activity, the usage of DXN has been limited due to its 

side effects. It harms multiple organs, causing toxicity such as cardiotoxicity, hepatotoxicity, 

and nephrotoxicity. It has been reported that DXN induced hepatotoxicity at acute and sub-

acute doses. Since the liver is the main organ that is responsible for detoxifying and breaking 

down the drugs, that makes the liver highly exposed to the toxic effects of DXN (1).  

2.1.2.1. Oxidative Stress and Inflammation 

Oxidative stress is defined as an imbalance between reactive oxygen and nitrogen 

species (ROS and RNS, respectively) and the body's antioxidant defense system. When 

reactive species levels become exaggerated, that will lead to damaging cells' proteins and 

lipids, resulting in cellular dysfunction (21). DXN is known to induce oxidative stress and 

inflammation, which lead to significant toxicities. DXN metabolism in the liver causes the 

generation of ROS, including superoxide (O₂⁻), hydrogen peroxide (H₂O₂), and hydroxyl 

radicals (OH•). These ROS change the redox balance; moreover, hepatocytes can’t maintain 

a stable oxidative environment. It has been mentioned that DXN administration disrupts 

hepatocyte cell cycle progression. Hepatocytes are the main functional cells of the liver; they 

undergo a regulated cell cycle to maintain liver functions. DXN disruption for hepatocytes 

leads to cell cycle inhibition, reduces the liver's repair ability, and causes tissue damage (3, 

22).  

DXN can disrupt iron homeostasis through the inactivation of iron regulatory 

proteins 1 and 2 (IRP1 and IRP2). Therefore, IRPs bind to iron-response elements (IREs), 

which are specific sequences in mRNA (4). While iron levels are low, IRPs are still active 

and can bind to IREs, resulting in the control of ferritin synthesis gene expression. When 

DXN inactivates IRPs, it causes changes in ferritin protein synthesis. When IRPs are active, 

ferritin mRNA translation is prevented. While the inactivation of IRPs elevates ferritin 

production, thereby increasing labile iron. Simultaneously, DXN increases transferrin 
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receptor, a receptor responsible for transporting iron into the cell. That will increase the 

amount of free intracellular iron, leading to ferroptosis (4). DXN can disrupt the cell 

oxidation-reduction balance, and this is done by triggering iron-dependent lipid peroxidation 

(2). Ferroptosis is an iron-dependent form of oxidative cell death characterized by 

diminished GSH. As DXN disrupts the redox balance, it leads to not only lipid peroxidation 

but also results in adenosine triphosphate (ATP) depletion and DNA damage. This causes 

oxidative stress that damages the cell membrane (2, 23). 

GSH is a non-protein tripeptide and a major modulator of redox processes, serving 

as a cofactor for several antioxidant enzymes such as glutathione reductase (GR), GPx, and 

glutathione S-transferase (GST) (24). GSH is synthesized in the cytosol by glutamate 

cysteine ligase (GCL) and GSH synthetase (GSS) action. Transportation of GSH to the 

endoplasmic reticulum (ER), nucleus, and mitochondria occurs by multidrug-associated 

resistance protein and porins. When oxidative stress happens, GSH is converted to GSSG. 

GR regenerates the GSH pool. When the body is exposed to various oxidants, xenobiotics, 

and antioxidants, this stimulates GSS through the nuclear factor erythroid 2-related factor 2 

(Nrf2) transcription factor, leading to upregulation of GCL and GSS. The antioxidant system 

in the liver, including GSH, plays a vital role in alleviating this damage. GSH helps 

regenerate vitamin C and E by becoming oxidized when reacting with ROS and lipid 

peroxides (25). Meanwhile, GSH depletion triggers toxicity. Jointly, elevating the level of 

lipid peroxidation product, MDA, is an additional indicator for oxidative stress-related to 

liver damage (26).  The GPx family of enzymes is considered the largest group containing 

selenoproteins. There are eight isozymes of GPxs, which are different in terms of where they 

are located and how specific they are to phospholipid peroxides, cholesterol peroxides, and 

other substrates. GPx4 is one of the five isozyme members that contain selenium in the 

catalytic site. It is known to be a key regulator of non-apoptotic cell death, known as 

ferroptosis (27). Therefore, the generation of highly reactive hydroxyl radicals leads to lipid 

peroxidation and subsequent cell damage (28). GPx4 is recognized as a key antioxidant 

enzyme responsible for neutralizing lipid peroxides (28). Moreover, GPx4 reduces 

phospholipid hydroperoxides (PLOOHs) to non-toxic lipid alcohols, thereby maintaining 

cellular redox balance and preventing ferroptotic cell death. Although iron overload and 

excessive amounts of PLOOHs lead to GPx4 inhibition, which worsens the oxidative 

damage (28).  
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Reactive species activate the signaling pathway, stimulating an inflammatory 

response. Molecules like TNF-α are released. This molecule triggers the production of other 

inflammatory molecules.  Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory 

cytokine. It has been reported as a major regulator of inflammatory responses. It is 

recognized as playing a role in the pathogenesis of some inflammatory and autoimmune 

diseases (28). TNF-α also stimulates the regulation of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB). Then, NF-κB stimulates the transcription of pro-

inflammatory cytokines and chemokines. Therefore, the inflammatory response may be 

amplified. The release of additional inflammatory molecules creates a positive feedback 

loop, resulting in increased inflammation (29). An increase in TNF-α circulating levels can 

be an indicator of cancer progression and a signal for lower survival rates. Elevated TNF-α 

levels correlate with insulin resistance, affecting insulin receptor signaling in muscle cells 

and adipocytes (30).  

 2.1.2.2. The Effect of Doxorubicin on Metabolism  

DXN's effect on lipid and glucose metabolism has been examined through multiple 

studies, which have disclosed important disruptions in metabolic pathways. DXN affects 

glucose metabolism and can induce hyperglycemia and insulin resistance. It disturbs normal 

glucose utilization in multiple tissues, especially skeletal muscle and heart. Additionally, it 

can also mimic T2DM. According to the studies, DXN treatment causes high blood sugar 

levels (hyperglycemia) and reduces insulin sensitivity (31). This occurs due to the inhibition 

of AMP-activated protein kinase (AMPK), which is a pivotal regulator of glucose uptake 

and energy balance. Some studies mentioned that DXN affects adipose tissue metabolism, 

which is similar to how T2DM interrupts fat utilization in skeletal muscles. Treatment with 

DXN causes atrophy (muscle mass wasting), weight loss, and anorexia. This muscle-

thinning condition results in a significant reduction in GLUT-4 protein and mRNA 

expression in skeletal muscle. GLUT-4 is an essential glucose transporter that helps muscle 

cells absorb glucose from the bloodstream. DXN treatment causes a reduction in insulin 

sensitivity. Insulin resistance appears when the proteins involved in the signaling cascade 

are suppressed (31). Because these proteins are essential for GLUT-4 translocation, a 

reduction in their activity inhibits skeletal muscle cells from effectively absorbing glucose 

(31). 

https://www.sciencedirect.com/topics/immunology-and-microbiology/tumor-necrosis-factor-alpha
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PPAR-γ regulates the initiation of adipogenesis, transforming pre-adipocytes into 

mature adipocytes. Mature adipocytes are known to express fatty acid translocase/cluster of 

differentiation 36 (FAT/CD36) for fatty acid uptake and GLUT-4 for glucose uptake. Fatty 

acids are typically stored as triglycerides, while glucose plays a crucial role in supporting 

lipid storage and maintaining energy balance. DXN inhibits PPAR-γ, resulting in a reduction 

in adipogenesis and impairment of adipocyte maturation. This DXN-induced impairment 

leads to diminished mature adipocytes and reduces the tissue's capacity to store lipids 

sufficiently. In parallel, DXN downregulates FAT/CD36 and GLUT-4, which decreases 

glucose and fatty acids uptake. The accumulation of glucose and fatty acids can lead to 

glucotoxicity and lipotoxicity (6). Many studies have reported that DXN administration 

increases triglyceride (TG), very low-, low-, and high-density lipoprotein cholesterol 

(VLDL-C, LDL-C, and HDL-C, respectively) (32, 33).  

2.1.2.3. Insulin Resistance 

Insulin, a hormone, is produced by the β cells of the islets of Langerhans, which are 

located in the pancreas. These islets are approximately 1-2% of the total cells in the pancreas. 

It has a crucial anabolic effect on multiple tissues, including glucose metabolism, which 

induces glycogen synthesis and storage. It also induces free fatty acid (FFA) synthesis, TG 

storage, and protein synthesis. Insulin consists of 52 amino acids, forming two polypeptide 

chains, A and B, which are linked by two disulfide bonds. Moreover, it has an intramolecular 

disulfide bond between the amino acids in chain A. Insulin is biosynthesized in the 

membrane of rough ER in β-cells as a pre-proinsulin. Then, it is transferred to the lumen of 

the rough endoplasmic reticulum cisternae and converted to Proinsulin. Small vesicles that 

contain proinsulin are detached from the ER to fuse with the Golgi apparatus cisternae. 

Pancreatic β cells are glucose-sensing cells; when blood sugar increases after meals, they 

stimulate insulin secretion (34, 35).    

Insulin resistance is a condition in which tissue decreases its ability to respond to the 

elevated insulin concentration in the blood (35). DXN leads to hyperglycemia and 

hyperlipidemia, which are caused by the inhibition of PPARγ (6, 31). A study showed that 

DXN decreases the expression of insulin receptor substrate-1, GLUT-4, and AMPK, which 

may induce insulin resistance (36).  
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2.2. Adipokines 

Adipose tissue is not merely an energy reservoir; it is considered an endocrine organ 

with the ability to influence systemic homeostasis through the release of various adipokines. 

Adipokines are bioactive signaling molecules secreted predominantly by adipose tissue, 

functioning as metabolic regulators, mediators of inflammation, and endocrine signaling 

molecules (37, 38). Dysregulation of adipokines may contribute to obesity-related disorders, 

including T2DM, cardiovascular disease, and nonalcoholic fatty liver disease (37). Among 

emerging adipokines, ZAG and ISM1 have garnered attention for their lipolytic properties, 

which suppress hepatic lipogenesis and thereby ameliorate hyperglycemia and lipid 

accumulation in metabolic disease models (12, 39).  

2.2.1. Isthmin-1  

ISM1 is a novel adipokine first explored by Pera et al. (7) in the isthmus of Xenopus 

laevis throughout the brain's early development. It's highly expressed in multiple tissues, 

including thyroid, placenta, prostate, adipose tissue, lung, brain, and liver (8, 40). It plays a 

pivotal role in protein, glucose, and lipid metabolism via its insulin-like properties (9, 41). 

ISM1 is found in both brown and white adipose tissue; however, it is higher in brown adipose 

tissue, suggesting its role in energy regulation (39). Among the ISM1 functions, its 

importance has been highlighted in the regulation of glucose absorption in adipose tissue 

and the reduction of hepatic lipogenesis (8). Jiang et al. (39) have reported that ISM1 induces 

GLUT-4 translocation from the cytoplasm to the plasma membrane. Moreover, it stimulates 

glucose uptake via the phosphatidylinositol 3–kinase-protein kinase B (AKT)pathway. 

Notably, ISM1 and insulin share similarities in their effects on glucose utilization; however, 

they don't act on the same receptors (8, 39). Simultaneously, inhibiting hepatic lipogenesis 

(42).  A significant reduction in ISM1 levels has been confirmed in T2DM subjects when 

compared to healthy subjects. ISM1 is considered an independent protective factor for the 

development of type 2 diabetes mellitus (T2DM) (8). As has been previously indicated, the 

dose of ISM1 has a significant impact on its ability to inhibit the insulin-induced expression 

of the pro-lipid synthesis factor sterol regulatory element binding protein-1c (SREBP-1c) 

and its target genes, acetyl-CoA carboxylase (ACC), fatty acid synthase, and LDL receptor. 

Additionally, ISM1 has been observed to weaken the insulin-induced lipogenesis (39). 

Accordingly, ISM1 can be used in the treatment of diseases associated with dysregulated 

glucolipid metabolism, such as T2DM (42). In the liver, ISM1 inhibits de novo lipogenesis; 
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simultaneously, in both the liver and muscles, it enhances protein synthesis via the AKT-

mammalian target of rapamycin-S6 pathway. Therapeutic studies have shown that supplying 

mice with recombinant Ism1 protein improves glucose tolerance and reduces signs of fatty 

liver disease (hepatic steatosis) in obese and diabetic mouse models, indicating that ISM1 

acts as a dual-function hormone (39). It is involved in controlling angiogenesis, which is 

crucial during both normal physiological processes (e.g., wound healing) and pathological 

conditions (e.g., cancer). ISM1 acts as an anti-cancer agent by triggering apoptosis, which 

helps prevent the proliferation of tumor cells (10, 40, 42). Sahiri et al. (10) investigated the 

ISM1 expression in several kidney injury models. The levels of ISM1 were significantly 

increased in DXN-induced nephropathy. Kidney cells injured by DXN may produce more 

ISM1 protein. This increased production might be part of the tissue’s attempt to regulate 

damage. In the case of ISM1, the increase in its level may be linked to its role in initiating 

cell death (apoptosis) in podocytes (10).  

2.2.2. Zinc-α-Glycoprotein 

ZAG is an adipokine secretory protein with a 41-kDa first purified from human 

plasma by Burgi in 1961 (43). ZAG is not limited to one type of tissue; it is also widely 

expressed in liver, adipose tissue, kidney, lungs, pancreas, breast, prostate, skin, and 

glandular tissue, and is then secreted into the body fluid. ZAG has one strong binding site 

for zinc and 15 weak binding sites. Zinc binding to ZAG protein is critical because it 

influences the formation of the protein's active form. Zinc-induced oligomerization is 

important due to its effect on the protein's ability to bind to fatty acids and interact with 

receptors that promote fat breakdown, such as β-adrenergic receptors. It has a crucial role in 

protecting against obesity, insulin resistance, hepatic steatosis, and inflammation (11, 12).  

Liver and adipose tissues are the two main sites for ZAG synthesis (13). It has an 

important role in lipid and carbohydrate metabolism (13, 12, 44). A study on human adipose 

tissue samples reported a positive correlation between insulin sensitivity and the expression 

of GLUT-4 mRNA and ZAG protein content in subcutaneous adipose tissue. In contrast, a 

decrease in ZAG levels results in a reduction of IRS1 and GLUT-4 gene expression in 

primary human adipocytes (13). Likewise, it induces insulin sensitivity and glucose 

utilization by activating the IRS/AKT signaling pathway. Various studies showed ZAG's role 

in glucose metabolism by activation of AMPK, which is a key enzyme in cells, regulates 

energy balance. AMPK activation promotes the translocation of GLUT-4 to the cell surface, 
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allowing sugar uptake into the cells. This means that ZAG has an indirect effect on blood 

sugar levels, making it easier for cells to absorb and use glucose (12). Shigefuku et al. (44) 

have found for the first time that the ZAG serum levels is highly correlated with liver 

function in patients with chronic liver disease (CLD). Meanwhile, ZAG levels decreased in 

advanced CLD, which reflects liver dysfunction. 

ZAG plays a significant role as a lipid-mobilizing factor in adipose tissue, promoting 

fat breakdown in adipocytes and influencing weight loss. ZAG helps to maintain a healthy 

body weight by reducing lipogenesis processes. ZAG treatment has been shown to reduce 

adipose tissue levels. This phenomenon occurs through the augmentation of lipolysis and the 

upregulation of non-esterified fatty acids. Consequently, this results in a reduction of plasma 

TG levels in rats. At the same time, ZAG treatment has also been observed to elevate the 

levels of adipose triglyceride lipase and hormone-sensitive lipase (HSL), which are involved 

in lipolysis.  Overexpression of ZAG in hepatocytes promotes the lipolysis and β-oxidation 

of fatty acids and inhibits palmitic acid-induced lipogenesis and lipid accumulation in 

hepatocytes. Conversely, the downregulation of ZAG expression exhibited a substantial 

promotion of lipogenesis and increased lipid levels in hepatocytes. There is increasing 

evidence that ZAG is involved in lipid metabolism; however, the underlying mechanism 

remains unclear (11-13, 45).  

2.3. L-Theanine 

LT has a molecular formula (C7H14N2O3) with M.W. 174.198 g/mol (16).  The other 

names for it are γ-glutamylethylamide and γ-ethylamino-γ-glutamic acid, and it is 

commercially known as Suntheanine (15). This non-proteinaceous water-soluble amino acid 

is found in tea leaves, comprising over 50% of the total free amino acids. The amount of LT 

differs according to the type of tea and the timing of the harvest. In the early summer period, 

the amount of LT is the highest compared to the harvest in the late summer season (46). The 

natural theanine in tea is found in the L-configuration; meanwhile, synthetic theanine is a 

mixture of D- and L-configuration. The biological activity of LT is higher than D-theanine 

(47). 

LT is biosynthesized in the root of the tea tree from L-glutamic acid and ethylamine 

by theanine synthetase. After that, LT is transported through the bast and accumulated in the 

leaves (15, 16). It is responsible for giving tea its distinctive taste (48).  
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2.3.1. The Effects of L-Theanine on Health  

Multiple studies have reported numerous biological and pharmacological activities 

of LT, including protection against cerebral ischemia/reperfusion injury, antitumor, stress-

modulating, antiaging, antianxiety, anti-inflammatory, hepatoprotective, immune-

modulating, and neuroprotective effects. The absorption of LT occurs via a sodium-coupled 

co-transporter located within the intestinal brush margin mucosa. Thereafter, LT works in 

different tissues and regulates body functions (15, 16).  

LT increases the activity of phosphofructokinase in the liver, which helps in glucose 

breakdown. Meanwhile, LT reduces the activity of phosphoenolpyruvate carboxykinase-1 

and glucose-6-phosphatase, which are involved in glucose production in the liver; thus, LT 

leads to a reduction in glucose production (49). 

A pharmacokinetic study reported a lag time of approximately 10 min following LT 

intake. The half-lives of absorption and elimination were approximately 15 min and 65 min, 

respectively. LT reached the maximum blood concentration after 50 min. Meanwhile, 

intragastric administration of LT after 1 h reaches the peak in serum and liver (16). 

LT reduces total cholesterol TC, TG, and LDL-C, which are all markers for fat 

accumulation, and increases HDL-C, which promotes cholesterol clearance by the liver, 

indicating that LT can modulate lipid metabolism (14, 49, 50). It has been reported that LT 

supplementation decreased lipoprotein lipase and increased HSL, indicating that it helps 

protect the body against the accumulation of excess fat (14). LT decreases the levels of 

SREBP-1c protein in the liver, indicating that it helps control lipid synthesis (49). 

LT is either excreted from the body through urine or broken down by enzymes in the 

kidneys into ethylamine and glutamic acid (16). LT is metabolized to glutamic acid, which 

is then deprotonated to form glutamate, a key component in GSH synthesis (16, 51).  

Many researchers mentioned that LT has the ability to reduce oxidative stress-

induced damage via decreasing the production of ROS, lipid damage, and enhancing 

antioxidant enzymes as well (15).  LT was administered to rodents exposed to a 

chemotherapy drug, and its efficacy was demonstrated in reducing pain, oxidative stress, and 

inflammation. Since chemotherapy induces oxidative stress, preserving glutathione levels is 

a pivotal protection against ROS, and treating with LT showed the ability to restore levels of 

antioxidants, including glutathione. Increasing GSH levels enhances the overall antioxidant 
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defense system (52).  In several studies on LT activity, its effectiveness in reducing the levels 

of liver enzymes (ALT and AST), MDA, TNF-α, and improving the activities of antioxidant 

enzymes such as GSH-Px, superoxide dismutase, catalase, and GSH has been reported. 

Therefore, it is considered proven for LT activity as a Hepatoprotective (5, 53, 54).
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3. MATERIALS and METHODS 

3.1. Materials 

The devices, tools, and materials used in this study are listed in Table 1, the chemicals 

are listed in Table 2, and the commercial kits are listed in Table 3. 

Table 1. Devices, tools, and materials used in the laboratories, and their manufacturers 

Devices, Tools and Materials    Manufacturer 

Autoanalyzer  Beckman Coulter AU5800 (USA) 

Automatic Pipettes Socorex (Swiss); Isolab (Germany); Ependorf (Germany)  

Centrifuge Eppendorf, Centrifuge 5810 (Germany)  

ELISA Washer  Biotek ELx 50 (USA) 

Hand Homogenizer  OMNI-Tissue Master 125 (USA) 

Magnetic Stirrer  Termal (Türkiye) 

Microcentrifuge  Thermo IEC Micromax (USA)  

Microcentrifuge Tube Iso Lab, Lot No: MTPPN7015002 (Germany) 

Microplate Reader  Versa Max, Moleculer Devices (USA 

Microplate Washer  BioTek ELx50 (USA) 

Shaker Incubator ShelLab/Sheldon S14-2 (USA) 

Sonication Device  Sonics Vibra-Cell, 42174L (USA) 

Vortex   IKA Vortex, Genius 3 (Türkiye) 

Water Purifier  Kros (Türkiye)  
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Table 2. Chemicals 

Chemicals Manufacturer, Code and Purity 

Acetic Acid  Sigma-Aldrich, Lot No: SZBE2190V (USA) 

Chloroform Merck, Cat No: 1.02431 (Germany) 

Coomassie Brilliant Blue G-250  Merck, Cas No: 6104-58-1 (Germany) 

Ethanol Merch, Cas No: 64-17-5 (Germany) 

KCl Merch, Cas No: 7447-40-7 (Germany) 

Methanol Merch, Index No: 603-001-00-X (Germany) 

NaCl Sigma-Aldrich, Lot No: SZBE1470V, (99.8%) (USA) 

Thiobarbituric Acid (TBA)  Sigma-Aldrich, Lot No: BCCD1032, (≥98%) (USA) 

Triton X-100 Sigma, Lot No: SLBP6453V (USA) 

Doxorubicin Bostonchem, Cas No: 25316-40-, (98%) (USA) 

L-Theanine  Chem-Impex Intl, Cat No: 14293, (99%) (USA)  

FFA, GSH, and GSSG levels were evaluated using the colorimetric assay method. 

An enzyme-linked immunosorbent assay (ELISA) sandwich method was used for GPx4, 

TNF-α, Insulin, ISM1, and ZAG, as described in the commercial kit listed in Table 3 below. 

Table 3. Commercial kits 

Kits  Trademark, Product code, Lot No, City, Country 

FFA Kit Elabscience, E-BC-K013-S, WX07B6J5565 , Texas, USA 

Glutathione Kit Cayman Chemical, 703002, Michigan, USA  

GPx4 Kit BT LAB, E1787Ra, 202402009, Jiaxing, China  

TNF-α Kit  BT LAB, E0764Ra, 202402009, Jiaxing, China 

Insulin kit  Elabscience, E-EL-R3034, WX03R46H2739, Texas, USA 

ISM1 Kit Shanghai Coon Koon Biotech Co, CK-bio-25542, 202403, Shanghai, 

China 

ZAG Kit        BT LAB, E3313Ra, 202404006, Jiaxing, China 
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3.2. Methods 

Our study was accomplished with the support of the Karadeniz Technical University 

Scientific Research Project (BAP) named “Investigation of the effect of L-theanine on 

Glucose and Lipid Metabolism in Rats Treated with Doxorubicin” (Project No: TYL-2024-

10980). In addition, the approval (No: date 05.02.2024). 

3.2.1. Experimental Groups 

In this study, 28 male Wistar rats were obtained from the Karadeniz Technical 

University Surgical Application and Research Center. The rats weighed 180-220 g and were 

housed in the center at room temperature, with a 12-h light and 12-h dark cycle, and were 

provided with standard rat chow and drinking water ad libitum. All rats were randomly 

divided into four groups (n = 7 / group): 

Group I (Control): Injected saline and given drinking water. 

Group II (DXN): Injected DXN, 18 mg/kg 

Group III (DXN +LT200): Injected DXN, 18 mg/kg, and given LT (200 mg/kg/day) 

Group IV (DXN +LT400): Injected DXN, 18 mg/kg, and given LT (400 mg/kg/day) 

Saline or DXN (dissolved in saline) injections were done intraperitoneally (i.p.) on 

the 4th, 11th, and 18th days of the 21-day treatment. DXN injections (6 mg/kg/dose) were 

applied three times (cumulative 18 mg/kg). 200 or 400 mg/kg/day LTs (dissolved in water) 

were given by oral gavage one hour before the DXN injection, for 21 days (55, 56).  

3.2.2. Biochemical Analysis 

3.2.2.1. The Parameters Analyzed by the Autoanalyzer 

Serum levels of glucose, TG, TC, LDL-C, HDL-C, and liver function markers 

[lactate dehydrogenase (LDH), ALT, AST], as well as Fe and homocysteine (Hcy), were 

analyzed using an autoanalyzer (Beckman Coulter Analyzer AU 5800, California, USA) in 

the Biochemistry Laboratory of Farabi Hospital.  

Glucose levels were assessed by the enzymatic hexokinase (HK) / glucose-6-

phosphate dehydrogenase (G6P-DH) method. In the presence of ATP, HK phosphorylates 

glucose to release G6P and ADP. After this, G6P-DH converts G6P to gluconate-6-

phosphate. At the same time, nicotinamide adenine dinucleotide (NAD+) is reduced to 
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nicotinamide adenine dinucleotide hydride (NADH). An increase in NADH absorbance at 

340 nm correlates with glucose concentration. 

TG concentrations were evaluated by using the enzymatic colorimetric method with  

(Glycerol Kinase-Glycerol Phosphate Oxidase-Peroxidase) enzymes. lipoprotein lipase 

converts TG to glycerol and free fatty acids. Afterward, glycerol is combined with ATP by 

glycerol kinase, resulting in the production of glycerol-1-phosphate (G-1-P). Then, glycerol 

phosphate oxidase oxidized G-1-P to dihydroxyacetone phosphate and H₂O₂. Thereafter, 

peroxidase (POD) catalyzes the reaction of hydrogen peroxide with 4-aminoantipyrine (4-

AAP), resulting in the formation of a colored compound known as quinoneimine. The 

density of quinoneimine absorbance is proportional to TG concentration. 

TC levels analysis was done by using an enzymatic colorimetric test (cholesterol 

oxidase (CHO) - peroxidase). Cholesterol is oxidized by the CHO enzyme releasing H2O2. 

In turn, H2O2 reacts with 4-AAP and phenol by POD, yielding a chromophore. The 

absorbance at 540/600 nm of the produced red quinoneine dye reflects the cholesterol 

amount in the sample. 

LDL-C concentration measured by the enzymatic colorimetric method (CHO - 

Peroxidase). LDL-C is catalyzed by cholesterol esterase (CHE) and CHO in the presence of 

(H₂O) and oxygen (O₂), producing Cholest-4-en-3-one (a cholesterol derivative), Fatty acids, 

and H₂O₂. Then, H₂O₂ is catalyzed by POD, the concentration of LDL-C is calculated by 

measuring the intensity of the blue color formed.  

HDL-C levels were measured by an enzymatic colorimetric test (CHO peroxidase). 

Starting with the anti-β-lipoprotein antibody binds to lipoproteins other than HDL (LDL-C, 

VLDL, and chylomicrons).  This forms antigen-antibody complexes, isolating these 

lipoproteins from HDL-C. Subsequently, HDL-C reacts with H₂O and O₂ by CHE and CHO. 

Producing cholest-4-en-3-one, fatty acids, and H₂O₂. This generated H₂O₂ interacts with the 

compounds aminoantipyrine and N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-

dimethoxyaniline, facilitated by POD, which forms a blue dye. An enzyme-chromogen 

system determines HDL-C concentration. 

LDH levels were evaluated by the kinetic UV Test (IFCC) method. pyruvate is 

oxidized to lactate by LDH, jointly with the reduction of NAD+ to NADH. An increase in 

NADH amount was measured at 340 nm, which is equivalent to LDH activity in the sample. 
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ALT levels were measured by the kinetic-U.V., pyridoxal-5’-free phosphate method. 

ALT produces pyruvate and glutamate by transferring the amino group from alanine to 2-

oxoglutarate. The catalytic activity of ALT is increased by adding pyridoxal phosphate to the 

reaction. Following this, LDH facilitates the interaction between pyruvate and NADH, 

resulting in the formation of lactate and NAD+. A decrease in the absorbance at 340 nm is 

correlated with the concentration of ALT in the sample. 

AST levels were evaluated with the kinetic-U.V., pyridoxal-5’-free phosphate 

method. AST facilitates the transamination of aspartate and 2-oxoglutarate, resulting in the 

production of L-glutamate and oxaloacetate. The AST activity is enhanced by adding 

pyridoxal phosphate to the reaction. Subsequently, malate dehydrogenase will reduce 

Oxalacetate to L-malate, concurrently, NADH is converted to NAD+. The absorbance is 

measured at 340nm, which reflects AST activity in the sample. 

Hcy levels were evaluated by the enzymatic UV method. Hcy S-methyltransferase 

assists the interaction between Hcy and S-adenosylmethionine, which produces S-

adenosylhomocysteine (SAH). Thereafter, in the presence SAH hydrolase is hydrolyzed to 

adenosine and Hcy. This hydrolysis reaction utilizes NADH and converts it to NAD⁺, 

decreasing in absorbance at 340 nm. This decrease reflects the amount of Hcy in the sample. 

Iron levels were measured by using the photometric color test principle. 2,4,6-Tri-

(2-pyridyl)-5-triazine (TPTZ) is used as a chromogenic agent. Under acidic conditions, the 

iron bound to transferrin is released as free iron ions and apotransferrin. This process uses 

hydrochloric acid and sodium ascorbate to reduce trivalent iron ions to bivalent form. 

Following this, the bivalent iron ions are merged with TPTZ. As a result, a blue-colored 

compound was produced and measured dichromatically at 600/800 nm. The absorbance of 

the emitted color was directly proportional to the iron concentration in the sample. 

3.2.2.2. Determination of FFA Levels 

The levels of serum FFA in rats were measured by using a commercial kit 

(Elabscience, Item no: E-BC-K, Texas, USA). FFA levels were detected according to the kit 

protocol. The absorbance was measured at 450 nm, and the concentration was calculated 

according to the standard graph shown in Figure 2. 
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Figure 2. FFA standard curve 

3.2.2.3. Determination of Insulin Levels 

The levels of serum insulin in rats were measured by using a commercial kit 

(Elabscience, Item no: E-EL-R3034, Texas, USA). Insulin levels were measured according 

to the kit protocol. The concentration was measured at 450 nm, then insulin levels were 

calculated according to the standard graph seen in Figure 8. 

 

Figure 3. Insulin standard curve 
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3.2.2.4. Determination of MDA Levels 

The evaluation of liver MDA (t-MDA) levels was conducted using the method 

developed by Mihara and Uchiyama (57). This technique involves determining the 

absorbance at 532 nm of the color formed when MDA reacts with thiobarbituric acid under 

acidic conditions. 

Tissue Homogenization  

For MDA measurement, 50 µg of liver tissue was utilized. The tissue samples were 

then homogenized on ice with 2 mL of a 1.15% KCl solution that contained 0.5 mL/L 

TritonX-100. 

Solution Preparation 

1) 1.15% KCl solution: 5.75 g of KCl salt with 250 µL of TritonX-100 were added 

to 500 mL of distilled water. 

2) 1% phosphoric acid (H3PO4) solution: To prepare a 1% H3PO4 solution, a 

volume of 1.176 mL of 85% H3PO4 was measured and diluted with distilled water to achieve 

a total volume of 100 mL. 

3) Thiobarbituric acid (TBA) solution: To prepare the TBA solution, 0.335 g of 

TBA was measured and combined with 25 mL of distilled water. The mixture was agitated 

using a magnetic stirrer for 30 min. Subsequently, 25 mL of acetic acid was added to the 

solution. 

4) Standard solution: 8.3 mL of tetramethoxypropane was added to a 0.01 M HCl 

solution and then incubated at 50°C for one h. The prepared 1000nmol/L intermediate stock 

solution was then used to create standard solutions at concentrations of 100, 50, 25, 12.5, 

6.25, 3.125, 1.56, and 0 nmol/mL. 

Table 4. Reaction mixture for measuring MDA levels 

Reactive     Volume (µL) 

Blank 500 

1% H3PO4 solution 3000 

TBA solution 1000 

Incubation at 100 ºC for 1 h  

Spectrophotometric measurement at 532 nm 
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The mixture described in the table was vortexed (proportions can be adjusted to 500- 

3000-1000 mL). After incubation, the sample was centrifuged at 4000 rpm for 10 min. 

Following cooling, the supernatants were pipetted into the ELISA plate and measured by a 

spectrophotometer at 532 nm. MDA concentration was determined using the standard graph 

in Figure 3. t-MDA levels were expressed as nmol/mg protein. 

                Figure 4. MDA standard curve 
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Figure 5. GSH standard curve 

 

Figure 6. GSSG standard curve 
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3.2.2.6. Determination of GPx4 Levels 

The levels of GPx4 in rats’ plasma and liver tissue (t-GPx4) were evaluated by using 

a commercial kit (BT Lab, Item no: E1787Ra, Jiaxing, China) based on Sandwich-ELISA. 

Tissue homogenization and measurement were performed according to the kit protocol. 

Preparation of Homogenate  

Tissue was placed in a certain amount of phosphate-buffered saline PBS buffer with 

a glass homogenizer on ice. After that, the homogenate was centrifuged for 5 min at 5000×g 

to obtain the supernatant, and the absorbance was measured at 450 nm. t-GPx4 levels were 

calculated following the standard graph as shown in Figure 6. The levels were given in 

µU/mg protein units to standardize. 

 

 

Figure 7. GPx4 standard curve 
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3.2.2.7. Determination of TNF-α Levels 

The levels of TNF-α in rat plasma and tissue (t-TNF-α) were determined by using a 

commercial kit (BT Lab, Item no: E0764Ra, Jiaxing, China). Tissue homogenization was 

applied as described in section 3.2.2.6. The levels in the prepared homogenates were 

determined according to the kit protocol and calculated using the standard graph shown in 

Figure 7. The levels in the tissues were expressed as ng/L protein unit. 

 

Figure 8. TNF-a standard curve 

Figure 9. ISM1 standard curve 
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3.2.2.8. Determination of ISM1 Levels 

ISM-1 levels were determined in rats' plasma and liver tissue (t-ISM1) by using a 

commercial ISM-1 kit (Shanghai Coon Koon Biotech, Item No: CK-bio-25542, Shanghai, 

China) based on Sandwich-ELISA. Tissue homogenization was applied as described in 

section 3.2.2.6. The levels in the prepared homogenates were determined according to the 

kit protocol and calculated using the standard graph shown in Figure 7. The levels in the 

tissues were expressed as pg/mL protein unit. 

3.2.2.9. Determination of ZAG Levels 

ZAG levels in rats’ plasma and liver tissue (t-ZAG) were measured by using a 

commercial kit (BT lab, Item no: E3313Ra, Jiaxing, China) based on Sandwich-ELISA. 

Tissue homogenization was applied as described in section 3.2.2.6. The levels in the prepared 

homogenates were determined according to the kit protocol and calculated using the standard 

graph shown in Figure 7. The levels in the tissues were expressed as ng/mL protein unit 

Figure 10. ZAG standard curve 
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3.2.2.10. Determination of Liver TG and TC Levels 

The levels of TG and TC in liver tissue (t-TG and t-TC, respectively) were 

determined by first preparing the tissue homogenate.  Briefly, 100 mg of liver tissue was 

homogenized by adding 500 µL of 1 M NaCl solution. 3 mL of chloroform/methanol (2:1) 

was also added to the homogenized tissues and incubated overnight in a shaker at room 

temperature. After that, the homogenate was centrifuged at 3000 × g for 10 min, and the 

resulting lipid-containing organic subphase was removed. The excess liquid was then 

evaporated in an oven at 50 ºC. The remaining pellet was dissolved in 220 mL of a 2% Triton 

X-100 solution containing 1 M NaCl for 15 min, followed by three 5-second sonication 

cycles. Spin was applied to remove foam. 

The t-TG and t-TC content of the sample will be determined by measuring it on an 

autoanalyzer, as described in section 3.2.2.1.  

3.2.2.11. Determination of Total Protein Levels in Liver Tissues 

The Bradford method was used to determine protein concentrations in liver tissue 

homogenates, as described in the steps provided in the commercial kit. This technique relies 

on the interaction between Coomassie Brilliant Blue G250, an organic dye, and proteins in 

a phosphoric acid environment. The resulting blue complex exhibits peak absorbance at 600 

nm. 

Solution Preparation 

1) Bradford reagent: This reagent was prepared by combining 10 mg of Coomassie 

Brilliant Blue G-250 with 5 mL of 95% ethanol and 10 mL of 85% H3PO4. The final volume 

was brought to 100 mL using distilled water. 

2) Standards: The bovine serum albumin standards were created with concentrations 

ranging from 0 to 1 mg/mL (1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, 0.025, and 0 

mg/mL). The Bradford method's sensitivity ranges from 1 to 100 µg. Consequently, liver 

samples were diluted 30-fold with distilled water for t-MDA measurement and 80-fold for t-

TG and t-TC measurements. The results obtained by pipetting are provided in Table 5. 

Absorbance was read at 600 nm, and the albumin concentration was calculated using the 

reference standard curve shown in Figure 11. 
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Table 5. Material measurement for the protein levels determination 

 

 

         Figure 11. Standard curve for protein concentration 
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3.2.3. Statistical Analysis 

Our data were evaluated statistically by using the SPSS (IBM SPSS Statistics 23) 

program. The conformance for the normal distribution of our parameters was understood by 

applying “Shapiro-Wilk” test. To compare two variables that did not fit the normal 

distribution, the "Mann-Whitney U" test was used, while the "Student's t" test was used for 

two variables that fit the normal distribution. Moreover, the "Kruskal-Wallis" test was used 

to compare more than two variables that did not fit the normal distribution, and “One-Way 

ANOVA” was used to compare more than two variables that fit the normal distribution. For 

post hoc evaluation, the "Tukey" test was used. Parametric results were given as “mean ± 

SD”, and p values were given according to "One-Way ANOVA"; however, non-parametric 

results were given as “Median [IQR] and 25th-75th percentiles” and p values according to 

‘Kruskal-Wallis’ test. 
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4. RESULTS 

4.1. Animal Weights 

The initial and final weights of the rats are shown in Table 6. After 28 days of 

administering the medications, it was observed that the body weights of the rats in both the 

DXN and LT treatment groups were lower than those in the control group (p < 0.05). 

However, LT treatment did not significantly affect the weight of rats treated with DXN. 

Table 6. The body weight of the study groups 

 
Control 

(n=7) 

DXN 

(n=7) 

DXN+LT200 

(n=7) 

DXN+LT400 

(n=7) 

p 

Initial Weight (g) 190 [9] 

(185-194) 

181 [1] 

(181-182) 

181 [7] 

(180-187) 

180 [8] a 

(178-186) 

0.040 

Final Weight (g) 240 ± 16 154 ± 7 a 158±20 a 131 ± 65 a 0.000 

Parametric results were given as “mean ± SD” and p values were given according to the 

One-Way ANOVA test. Non-parametric results were given as “Median [IQR] and 25th -75th 

percentiles” and p values according to ‘Kruskal-Wallish’ test.  p < 0.05 was statistically 

significant with respect to a: control. 

4.2. Biochemical Results  

According to Tables 5 and 6, the biochemical results showed no significant difference 

in TG, AST, LDH, TNF-α, GPx4, ISM1, MDA, t-ZAG, t-TGSH, and t-TGSSG among the 

study groups (p > 0.05). However, Hcy and insulin levels were significantly lower in DXN, 

LT200, and LT400 groups compared to the control group (p < 0.05). Meanwhile, TC, LDL-

C, HDL-C, ALT, Fe, t-TNF-α, t-GPX4, and t-ISM1 levels showed a significant increase 

between the groups when compared to the control group (p < 0.05). ZAG significantly 

decreased in the DXN+LT400 group compared to all other groups.  
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Table 7.  Comparisons of the results of plasma and serum biochemical parameters between 

study groups 

 Control 

(n=7) 

DXN 

(n=7) 

DXN+LT200 

(n=7) 

DXN+LT400 

(n=7) 

p 

Glucose 

(mg/dL) 

113 [17] 

 (107 – 124) 

150 [48] 

(118 – 166) 

133 [31] 

(131 – 162) 

122 [28] 

(100 – 128) 

0.057 

TG (mg/dL) 79 [24] 

(65 – 89) 

88 [131] 

(78 – 209) 

102 [49] 

(82 – 131) 

90 [51] 

(72 – 123) 

0.226 

TC (mg/dL) 47.7 ± 6.6 91.9 ± 17.3 a 85.9 ± 15.5 a 87.8 ± 16.2 a 0.000 

LDL -C (mg/dL) 18.9 ± 4.3 40.7 ± 8.3 a 35.1 ± 7.9 a 33.6 ± 5.7 a 0.000 

HDL -C (mg/dL) 31.3 ± 3.5 50.3 ± 6.4 a 49.7 ± 8.1a 50.8 ± 12.2 a 0.001 

FFA (mmol/L) 1.54 [0.10] 

(1.52 - 1.62) 

1.54 [0.09] 

(1.51 - 1.60) 

1.57 [0.07] 

(1.52 - 1.59) 

1.64 [0.10] 

(1.58 - 1.68) 

0.335 

ALT (U/L) 30 [4] 

(28 – 32) 

50 [76] a 

(49 – 125) 

43 [21] a 

(34 – 55) 

60 [18] a 

(47 – 65) 

0.004 

  AST (U/L) 134 ± 29 239 ± 101 157 ± 36 165 ± 42 0.170 

LDH (U/L) 1034 ± 326 753 ± 392 628 ± 98 771 ± 227 0.082 

Fe (µg/dL) 160 [19] 

(142 – 161) 

353 [43] a 

(325 – 368) 

299 [92] a 

(242 – 334) 

258 [76] a,b 

(219 – 295) 
0.000 

Hcy (µmol/L) 9.1 ± 2.2 3.9 ± 0.9 a 3.0 ± 0.4 a 4.0 ± 1.2 a 0.000 

GPX4 (mU/L) 29.2 [15.2] 

(28.4 - 43.6) 

28.4 [12.0] 

(24.8 - 36.8) 

30.0 [3.4] 

(28.4 - 31.8) 

36.4 [9.1] 

(30.7 - 39.8) 

0.433 

TNF-α (ng/L) 108 [27] 

(92 – 119) 

103 [20] 

(88 – 108) 

103 [30] 

(91 – 121) 

120 [39] 

(98 – 137) 

0.388 

Insulin (pg/mL) 3750 [642] 

(3501 – 4143) 

388 [138] a 

(348 – 486) 

488 [768] a 

(181 – 949) 

623 [1424] a 

(379 – 1893) 

0.003 

ISM1 (pg/mL) 740 ± 25 858 ± 104 869 ± 62 868 ± 152 0.067 

ZAG (ng/mL) 24.9 ± 4.5 26.1 ± 7.2 24.9 ± 4.7 15.4 ± 6.2 a,b,c 0.029 

Parametric results were given as “[Mean ± SD]” and p values were given according to One-

Way ANOVA test. Non-parametric results were given as “Median [IQR] and 25th -75th 

percentiles” and p values according to ‘Kruskal-Wallish’ test.  p < 0.05 was accepted 

statistically significant with respect to a: control, b: DXN and c: DXN + LT200.   
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Table 8.  Comparisons of the results of biochemical parameters in the tissues between study 

groups 

 Control 

(n=7) 

DXN 

(n=7) 

DXN+LT200 

(n=7) 

DXN+LT400 

(n=7) 

p 

t-TG (mg/mL) 9.2 [4.3] 

(6.8 - 11.1) 

13.3 [7.5] a 

(11.9 - 

19.4) 

6.5 [5.2] b 

(5.0 - 10.2) 

6.9 [8.5] b 

(5.0 - 13.5) 

0.007 

t-TC (mg/mL) 2.1 [1.1] 

(1.6 - 2.7) 

3.8 [1.5] a 

(3.4 - 4.9) 

1.7 [1.1] b 

(1.5 - 2.6) 

2.2 [1.8] b 

(2.0 - 3.8) 

0.001 

t-MDA (nmol/mg) 1.8 ± 0.5 1.7 ± 0.2 1.2 ± 0.2 1.9 ± 0.7 0.078 

t-GSSG (nmol/mg) 6.13 [4.22] 

(5.2 - 9.4) 

7.9 [3.7] 

(4.5 - 8.2) 

7.3 [10.2] 

(2.5 - 12.7) 

5.8 [5.2] 

(4.7 - 9.9) 

0.996 

t-TGSH (nmol/mg) 19.6 [9.9] 

(16.0 - 

25.9) 

23.4 [6.6] 

(19.0 - 

25.6) 

22.6 [7.0] 

(19.5 - 26.5) 

20.4 [6.0] 

(17.7 - 23.7) 

0.415 

t-GSSG\GSH 0.34 ± 0.13 0.33 ± 0.10 0.33 ± 0.18 0.36 ± 0.12 0.977 

t-GPx4 (µU/mg) 4.4 ± 0.8 6.9 ± 2.3 a 6.3 ± 2.0 a 5.5 ± 1.4 a 0.049 

t-TNF-α (pg/mg) 13.9±2.6 20.2±7.0 23.2±6.2a 20.8±2.9a 0.031 

t-ISM1 (pg/mg) 50 [4] 

(48 – 52) 

97 [40] a 

(62 – 102) 

87 [45] a 

(67 – 112) 

60 [20] a 

(58 – 78) 

0.004 

t-ZAG (ng/mg) 3.6 [0.9] 

(3.5 - 4.4) 

5.6 [4.4] 

(3.4 - 7.8) 

5.3 [3.3] 

(4.0 - 7.3) 

4.1 [0.7] 

(3.7 - 4.4) 

0.074 

The levels of tissue parameters were expressed per mg protein. Parametric results were given 

as “[Mean ± SD]” and p values were given according to One-Way ANOVA test. Non-

parametric results were given as “Median [IQR] and 25th -75th percentiles” and p values 

according to ‘Kruskal-Wallish’ test.  p < 0.05 was accepted statistically significant with 

respect to a: control and b: DXN.  
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5. DISCUSSION 

In our study, we investigated the modulatory effects of LT on glucose and lipid 

metabolism in rats exposed to (DXN)-induced toxicity. The results exhibit that LT 

supplementation, especially at higher doses, has a protective effect on several metabolic and 

biochemical parameters affected by DXN administration.  

In our study, serum glucose levels were insignificantly increased following DXN 

treatment (p > 0.05) (Table 7). There is a documented association between DXN treatment 

and elevated glucose levels (58). DXN is known to cause impairment in glucose metabolism 

through multiple mechanisms, including the induction of insulin resistance and pancreatic 

β-cell dysfunction (59). It has been suggested that the primary mechanism of DXN toxicity 

in pancreatic β-cells is DNA damage, rather than the H2O2 produced through the redox cycle 

(59). Previous studies have demonstrated that DXN modulates insulin signaling pathways 

by downregulating the AMPK pathway and facilitating GLUT-4 translocation (6, 60). 

Disturbance in insulin levels leads to impairment in glucose utilization (31).  In our study, 

we observed that DXN decreased insulin levels (p < 0.05) (Table 7).  This is because of the 

possibility of DXN-induced pancreatic damage. On the other hand, LT supplementation 

decreased glucose levels while increasing insulin levels insignificantly. This suggests that 

LT may counteract the effects of DXN. It has been mentioned in other studies that LT has  

ability to improve insulin sensitivity, thus enhancing the restoration of the metabolic balance 

(52).  

In our study, DXN treatment increased TG and TC levels in serum and liver tissue, 

but the effect on serum TG was not significant. in addition, serum LDL-C and HDL-C levels 

increased significantly (p > 0.05) (Table 7). Meanwhile, FFA levels remained unaffected. 

Similar to our result, it was reported that DXN treatment decreased body weight but 

increased blood glucose and lipid levels (61). Similarly, another study also reported that 

decreasing body weight was associated with increased serum TG levels, and they suggested 

that DXN treatment contributes to an increase in atherogenic dyslipidemia (58). DXN 

inhibits PPARγ and may cause lipotoxicity in cells (61). The accumulation of cholesterol in 

pancreatic β cells can affect insulin granules and alter their fusion dynamics, thereby 

impairing insulin release (62). In addition, DXN causes an increase in ROS production, 

which in turn stimulates the apoptotic process. These changes decrease insulin production 

and release by disrupting ATP-sensitive potassium channels (K-ATP) (62).  As shown in our 
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results, LT did not affect lipid metabolism compared to the DXN-induced dyslipidemia 

(Table 7).  Contrary to our findings, another study demonstrated more pronounced lipid-

lowering effects of LT when using higher doses or longer treatment durations. A decrease in 

serum TG and LDL-C levels was reported after LT supplementation in rats with induced 

metabolic dysfunction. This may indicate that the effects of LT on serum lipid-modulation 

may depend on other factors such as disease model, treatment dosage, or duration (14). 

Meanwhile, Saeed et al. (53) reported a moderate LT-induced lipid-lowering effect. 

Concurrently, in conjunction with LT supplementation, t-TG and t-TC levels 

exhibited a substantial decline in comparison to the DXN group (p < 0.05) (Table 8). As 

reported by Saeed et al. (53), the administration of LT led to a reduction in hepatic lipid 

accumulation and an enhancement in lipid metabolism. A decline in t-TG levels was 

observed in the LT treatment group in comparison with the DXN group. This finding 

suggests that LT may effectively diminish DXN-induced lipid accumulation in tissues. 

FFA levels showed no significant differences among all the groups (p > 0.05) (Table 

7). This may indicate that DXN-induced lipid dysregulation did not significantly affect FFA 

levels in our model. Similarly, LT did not improve FFA levels. In a previous study, DXN has 

been shown to interfere with TG metabolism, resulting in TG hydrolysis in adipose tissues. 

Therefore, increases TG and FFA in the blood (63).  On the other hand, LT supplementation 

has been reported to improve lipid metabolism and reduce lipolysis-related markers (53); 

however, it did not affect FFA levels in either dose in our model.  

As we analyzed serum hepatocellular biomarkers, we observed a significant 

elevation in ALT levels (p < 0.05), but no significant differences were observed in AST and 

LDH levels in DXN compared to the control group (p > 0.05) (Table 7), Our results are 

consistent with Ozturk et al. (25) who reported that ALT elevation after DXN treatment is 

due to oxidative stress–mediated structural damage as the release of cytosolic liver 

components typically indicates compromised integrity of hepatocyte membranes Nagai et 

al. (5) LDH is known to be a key enzyme for the energy production process in cancer cells. 

It plays a critical role in tumor progression, as it contributes to anaerobic metabolism. It has 

been reported that patients with elevated LDH levels had a poor response to chemotherapy 

(64).  Neither dose of LT has a significant reduction effect on ALT levels compared to the 

DXN group, especially at the lower dose. This may indicate a hepatoprotective limited 

impact, which may depend on the dose and treatment duration. Meanwhile, supplementation 
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with LT at a lower dose (200 mg/kg) reduced AST and LDH levels compared to the DXN 

group, but this difference was insignificant (Table 7), which may indicate a dose-dependent 

protective effect of LT in our model. This may also indicate that LT has a partial protective 

effect on liver function, as reported by Saeed et al. (53) and Nagai et al. (5) that AST was 

mildly reduced with LT in chemically induced liver injury. The observed discrepancy 

between our results and previous studies may be due to differences in treatment duration or 

dose. Moreover, co-treatment with LT attenuated the elevation of LDH levels induced by 

DXN-related hepatic injury (65).  

We observed an increase in Fe levels in DXN compared to the control (p < 0.05) 

(Table 7). This elevation in iron levels may be due to some mechanisms of DXN-induced 

toxicity. DXN-induced ROS production. ROS react with iron, producing a highly toxic 

hydroxyl radical. This oxidative stress leads to cell death by damaging DNA, proteins, and 

lipids. Furthermore, DXN has been shown to elevate iron levels by inhibiting IRP-1. This 

protein has been shown to regulate the expression of genes involved in iron metabolism and 

homeostasis. Its inhibition results in increased iron levels, thereby promoting oxidative 

stress. DXN enhances the activity of the ubiquitin–proteasome system (UPS), thereby 

accelerating intracellular protein degradation and promoting the breakdown of critical 

cellular proteins (61). This is similar to previously mentioned mechanisms in which DXN 

disrupts cellular iron homeostasis, releasing iron from stores and promoting oxidative stress 

through Fenton reactions (4, 66). Iron overload can exacerbate reactive oxygen species 

(ROS) production, resulting in increased tissue damage and organ dysfunction (4). The 

results of co-treatment with LT showed that the higher dose had a noticeable effect, which 

was observed by a significant difference between the DXN+LT400 and DXN groups (p < 

0.05). This result may suggest that LT is showing iron-chelating or regulatory effects that 

alleviate the DXN-induced iron overload. A previous study stated that LT exhibits iron-

lowering effects (67). 

In our study, treating with DXN significantly reduced plasma Hcy levels in all the 

groups compared to control group (p < 0.05) (Table 7). Hcy is an important metabolite of 

methionine (Met), which is an essential amino acid that plays a crucial role in various 

biological processes within the body, including the transfer of a methyl group (68). 

Methionine serves as a precursor for the synthesis of cysteine, which contributes to the 

production of glutathione and helps maintain redox homeostasis through the transsulfuration 
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pathway. When methionine is oxidized by ROS, it must be reduced to restore its original 

function (68, 69). Our results indicate that decreased Hcy levels may suggest that DXN 

upregulates the transsulfuration pathway as a compensatory response to oxidative stress, 

promoting the conversion of Hcy into cysteine and glutathione. However, a previous study 

reported that DXN induced mild hyperhomocysteinemia, which may indicate that DXN 

interferes with methionine metabolism. This interference could lead to increased oxidative 

stress, which is known to cause alterations in Hcy homeostasis (70). Moreover, it has been 

mentioned that there has been a reduction effect of LT on Hcy levels in diabetic rats, this 

effect may stem from LT’s capacity to lower methionine levels in the serum, thereby 

disrupting the formation of Hcy (67). As seen in Table 7, our results showed an inverse trend; 

LT supplementation has no impact on Hcy levels. The results indicate that LT may not alter 

Hcy metabolism in our model. As mentioned above, DXN diminished Hcy levels, which 

may indicate limited efficiency in hepatic tissue injury. 

DXN activates the Nrf2 signaling pathway, which in response induces the production 

of antioxidant proteins to reduce ROS accumulation (71, 72). Meanwhile, as we observed, 

the elevation antioxidant enzyme t-GPx4 levels may be an indicator of the compensatory 

effect of Nrf2 activation against DXN-induced oxidative stress (73). Increased iron levels 

may lead to an increase in oxidative stress; however, elevated t-GPx4 levels may have a 

mitigating effect on oxidative stress. Therefore, our insignificant change in t-MDA and 

TGSSG/TGSH levels (Table 8) in the DXN group may be attributed to this effect. Moreover, 

it has been reported that LT can improve hepatocyte antioxidant capacity by inhibiting MDA 

formation and increasing the activity of antioxidant enzymes (15). Other studies have shown 

the opposite of our results; t-MDA levels in the tissues were increased in the DXN group 

due to DXN-induced oxidative stress, then, decreased with LT supplementation (74, 75). 

Additionally, no significant change was obtained in t-TGSH and t-GSSG levels in DXN 

group compared to the control group. While our findings may seem diverse from the well-

established oxidative stress-inducing profile of DXN, however, the elevation in t-TGSH 

levels by DXN was investigated before (76). Hepatocytes, as a self-protective adaptation to 

oxidative stress, may induce upregulation of glutamate–cysteine ligase, which is the rate-

limiting enzyme in GSH synthesis (22). 
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LT treatment did not affect oxidative stress parameters or antioxidant parameters 

(Tables 7 and 8). However, the antioxidant and hepatoprotective effects of LT have been 

reported previously (15, 16). 

TNF-α serum levels showed no significant differences between all the groups (p > 

0.05) (Table 7). This may suggest that TNF-α levels are neither affected by DXN-induced 

inflammation in our model nor modulated by LT co-treatment. Meanwhile, it has been 

reported that LT has anti-inflammatory effects and alleviates TNF-α levels (77). On the 

contrary, in the tissue, there was an increase in t-TNF-α levels in all the groups, but it was 

significantly higher in the LT groups with both doses compared to the control group (p < 

0.05) (Table 8). The increase in t-TNF-α levels may be due to DXN, which enhances ROS 

production, leading to activation of the NF-κB pathway; therefore, increased t-TNF-α levels 

(78). Our reported increase in ALT and AST levels may confirm the occurrence of tissue 

dysfunction due to the DXN treatment, as indicated by our evaluated results of t-TNF-α. 

Meanwhile, LT co-treatment did not show a protective effect on t-TNF-α levels. This is 

proportionate to Arıkan Malkoç et al. (75) finding, which may suggest that the LT 

supplementation did not help improve treatment and reduce DXN-induced toxicity in the 

body, as the levels of TNF-α increased in both doses, especially in the lower dose.  

Serum ISM1 levels among the groups (Table 7) showed no significant difference (p 

> 0.05). However, DXN slightly increased ISM1 levels. Meanwhile, there was a statistically 

significant increase in t-ISM1 levels in DXN compared to the control group (p < 0.05) (Table 

8). Jiang et al. (39) and Wang et al. (8) reported an elevation of ISM1 in response to metabolic 

stress, suggesting that this increase is an adaptive upregulation aimed at restoring glucose 

and lipid homeostasis. LT treatment showed a decrease in ISM1 levels compared to DXN, 

although the difference was not statistically significant. In the LT400 dose group, ISM1 

levels decreased more than in the LT200 group, but remained higher than in the control 

group. This finding may indicate that the effectiveness of LT is dose-dependent, with LT400 

demonstrating a higher degree of efficacy.  In a related experimental context, ISM1 levels 

were increased in the DXN-treated group in cultured podocytes with no significant increases 

in its receptors (GRP 78). This led them to conclude that the increase in ISM1 in the DXN-

treated group did not stimulate apoptosis (10).   

ZAG levels in the blood serum, as shown in Table 7, there was an insignificant 

increase in ZAG levels following DXN treatment; meanwhile, there was a significant 
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decrease between the DOX+LT400 group compared to other groups (p < 0.05). This may 

indicate that a potential dose-specific effect of LT on circulating ZAG levels exists with the 

higher dose (400 mg/kg), which could be considered an indicator of the LT effect on glucose 

and lipid metabolism. Although a slight elevation in t-ZAG levels was observed following 

DXN treatment and appeared to decline with LT administration, these changes were not 

statistically significant (p > 0.05) (Table 8). Although ZAG is known as an anti-inflammatory 

adipokine, it may be upregulated in response to some conditions, including inflammation, 

oxidative stress, and lipid dysregulation (78). DXN is known to induce these three 

conditions, which may explain this moderate elevation in both serum and tissue ZAG levels 

in the DXN and DXN+LT200 groups.  

Several limitations should be considered when interpreting the results of this study. 

The short treatment duration of LT may not have allowed it to fully treat the condition. Dose 

range restriction: only two doses of LT (200 and 400 mg/kg) were tested. Having a wider 

range of doses might help us better understand how the dose affects the response. Limited 

inflammatory and oxidative markers; only a few of the inflammatory and oxidative stress 

markers were evaluated. Including additional markers could offer a more comprehensive 

picture. On the other hand, this study also has its strengths. To the best of our knowledge, 

ZAG and ISM1 levels were first identified in terms of metabolic dysfunction and oxidative 

stress conditions in DXN-treated animals, as well as in the effects of LT on DXN-treated 

animals. 

In conclusion, DXN has adverse effects on several metabolic parameters, including 

mild hyperglycemia, dyslipidemia, elevated hepatic enzymes, iron overload, and alterations 

in homocysteine and inflammatory marker levels. LT supplementation, particularly at a 

higher dose (400 mg/kg), demonstrated partial alleviation, as evidenced by the 

improvements in hepatic lipid content, insulin levels, and a reduction in iron accumulation. 

However, LT showed limited or insignificant effects on other parameters such as serum lipid 

profile, oxidative stress markers, inflammatory cytokines (TNF-α), and adipokines (ZAG 

and ISM1). Overall, LT has the potential to counteract certain aspects of DXN-induced 

metabolic dysfunction.  
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