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ABSTRACT 

Investigation of the Effects of L-Theanine on Kidney Tissue in Diabetic Rats 

Diabetes mellitus (DM) is a common disease in the world, characterized by 

hyperglycemia that may result in damaging and dysfunctioning of kidney. The aim of this 

study was to determine whether L-Theanine (LTEA), an amino acid specific to green and 

black teas, which are widely consumed in the world, could be protective against damage in 

the kidney tissues of diabetic rats. All rats were separated into four groups (n=6/group): 

SHAM, LTEA, DM, and DM+LTEA. DM was induced by i.p. injections of 120 mg/kg 

nicotinamide (NA) and 60 mg/kg streptozotocin (STZ). LTEA treatment was administered 

intragastrically for 28 days. Serum levels of glucose, creatinine, blood urea nitrogen (BUN), 

albumin, and electrolytes were determined by an autoanalyzer. Serum and tissue cystatin C 

and angiotensin-converting enzyme 2 (ACE2) levels were determined by using ELISA kits, 

and oxidized and total reduced glutathione (GSSG and TGSH respectively) levels by using 

commercial assay kits. Kidney tissues were also evaluated histopathologically. LTEA 

treatment in diabetic rats decreased serum GSSG/TGSH ratio and iron levels, and increased 

renal TGSH levels, significantly (p<0.05). On the other hand, although this treatment 

decreased serum cystatin C levels insignificantly, it could not be effective in changing 

kidney cystatin C and serum/kidney ACE2 levels (p>0.05). Nevertheless, it was effective in 

reducing the histopathological complications seen in diabetic rat kidneys. In conclusion, it 

is possible to say that LTEA is an amino acid that may contribute to reducing complications 

related to diabetic nephropathy in rats. Nonetheless, the effectiveness of LTEA against 

damage to the diabetic human kidney needs to be investigated.  

Keywords: Angiotensin-Converting Enzyme 2, Cystatin C, Diabetes Mellitus, Electrolyte, 

Glutathione, Kidney, L-Theanine 
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ÖZET 

L-Theaninin Diyabetik Sıçanlarda Böbrek Dokusu Üzerine Etkilerinin İncelenmesi 

Diabetes mellitus (DM) böbrek hasarına ve disfonksiyonu ile sonuçlanabilen 

hiperglisemi ile karakterize olan dünyada yaygın bir hastalıktır. Bu çalışmanın amacı 

dünyada oldukça çok tüketilen yeşil ve siyah çaya özgü bir amino asit olan L-Theaninin 

(LTEA) diabetik sıçanların böbrek dokularında oluşan hasara karşı koruyucu olup 

olamayacağını belirlemekti. Sıçanlar dört gruba ayrıldı (n=6/grup): SHAM, LTEA, DM ve 

DM+LTEA. DM, 120 mg/kg nikotinamid (NA) ve 60 mg/kg streptozotosin (STZ) i.p 

enjeksiyonları ile indüklendi. LTEA tedavisi 28 gün boyunca oral gavaj yoluyla uygulandı. 

Serum glukoz, albümin, kan üre azotu (BUN), kreatinin ve elektrolitlerin seviyeleri 

otoanalizörle belirlendi. Serum ve doku sistatin C ve anjiyotensin-dönüştürücü enzim 2 

(ACE2) seviyeleri ELISA kitleri kullanılarak, oksitlenmiş ve toplam indirgenmiş glutatyon 

(sırasıyla GSSG ve TGSH) seviyeleri ise ticari deney kitleri kullanılarak belirlendi. Böbrek 

dokuları histopatolojik olarak da değerlendirildi. Diyabetik sıçanlara LTEA tedavisi, serum 

GSSG/TGSH oranını ve demir düzeylerini düşürmüş, böbrek TGSH düzeylerini ise anlamlı  

artırmıştır (p<0.05). Diğer taraftan, serum sistatin C düzeylerini istatistiksel olarak anlamsız 

düzeyde düşürmüş olmasına rağmen böbrek sistatin C ve serum/böbrek ACE2 düzeylerini 

değiştirmede etkili olamamıştır (p>0.05). Ancak, diyabetik sıçan böbreklerinde görülen 

histopatolojik komplikasyonları azaltmada etkili olmuştur. Sonuç olarak, LTEA'nın 

sıçanlarda diyabetik nefropatiye bağlı komplikasyonları azaltmaya katkı sağlayabilecek bir 

amino asit olduğunu söylemek mümkündür. Bununla birlikte, diyabetik insan böbreğinde 

oluşabilecek hasara karşı LTEA'nın etkinliğinin araştırılması gerekmektedir. 

Anahtar Kelimeler: Anjiyotensin-Dönüştürücü Enzim 2, Diabetes Mellitus, Elektrolit, 

Glutatyon, Böbrek, L-Theanin, Sistatin C  
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1. INTRODUCTION and AIM 

Diabetes mellitus (DM) is considered a metabolic disease characterized by 

abnormally elevated blood glucose. Therefore, it is seen as a grouping of chronic diseases 

identified with hyperglycemia originating from defects in either the secretion or action of 

insulin alone or together. There are multiple types of diabetes such as type 1 (T1DM), type 

2 (T2DM), type 3 (T3DM), and gestational diabetes (1).  

The kidneys are one the most vital organs of the body. The main role of the kidney 

is to maintain the homeostasis of water, electrolytes, and other solutes. It also contributes to 

glucose homeostasis by playing roles in the filtration and absorption of glucose. On the other 

hand, the kidney uses glucose for energy needs (2). However, hyperglycemia, mainly long-

term, leads to kidney disease. Some pathologic conditions such as oxidative stress, 

inflammation and apoptosis induce the progressions of diabetic kidney diseases (3). 

The main unit of the kidneys known as the nephron is responsible for the filtration 

and excretion of different elements (4). Kidney injury is evaluated by different parameters 

including cystatin C, creatinine, BUN, and albumin (5-7). Creatinine is a lactam form of 

creatine mostly found in skeletal muscles but eliminated via glomerular filtration (8). 

Cystatin C is a basic protein freely filtered by the glomerulus and is used for the evaluation 

of kidney function since it is less affected by external factors including race, gender and 

muscle mass than creatinine (9-11). ACE2 is an important enzyme responsible for converting 

angiotensin (Ang) I to Ang (1-9) and Ang II to Ang (1-7). It is a component of the renin-

angiotensin-aldosterone system (RAAS). The location of ACE2 makes it a good candidate 

for evaluating kidney diseases (12-14). Electrolytes are very important for the body and 

mostly the kidneys control them. Thereby, a dysregulation of electrolyte homeostasis may 

lead to the diseases such as DM and nephropathy (15).   

L-Theanine is a free amino acid richly found in tea trees. This amino acid has a 

similar structure to glutamine and has many positive effects on health such as relaxation, 

improvement of learning ability, preventions of many diseases including cancer and vascular 

diseases, contribution to weight loss. It has renal protective, lipid-lowering, 

antihypertensive, chemosensitizing, and hepatoprotective properties (16). Nephroportective 

effects of LTEA have been investigated by some studies (17-19). Nevertheless, as far as we 

researched, we could not find any study that investigate the effects it on any kidney related 

parameters in diabetic conditions. 
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Since tea is a widely consumed beverage and DM is a very serious disease for kidney 

disorders, we wanted to evaluate the effect of LTEA on kidney functions-related parameters 

including ACE2 and electrolytes in experimental induced diabetic rats.  
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2. LITERATURE REVIEW 

2.1. Diabetes Mellitus 

The word diabetes mellitus is a combination of the Greek word “diabetes” which 

means passing through and the Latin word “Mellitus” which means sweet. The word diabetes 

was first used by Apollonius of Memphis around 250-300 (1). This disease was known as 

« great emptying of the urine » in the ancient Egyptian manuscripts around 1500 B.C. John 

Rollo British surgeon-general used the Latin word “Mellitus” (which means sweet like 

honey); in 1798, he used it to make difference between different diabetes types (20).  

Diabetes is a metabolic disease caused by the inability to control the concentration of 

glucose in the blood (1). A combination of genetic and non-genetic changes leads to a 

disturbance in glucose metabolism (21). The cause of diabetes is generally defined as 

disordered insulin or glucagon secretion and sometimes both lead to interrupted homeostasis 

(20). Increased glucose and lipid levels can cause damage to beta-cell function and apoptosis. 

Oxidative stress, endoplasmic reticulum stress, alternations in beta cell metabolism, low 

levels of insulin receptor signal (IRS), and induction of pro-apoptotic signals have been 

reported to be the main participants in beta cell failure (22). Diabetes affects vital organs by 

causing micro-and macro-vascular complications via various mechanisms (23). Subjects 

with diabetes for a prolonged time develop different complications such as vision loss, 

nephropathy with risk of foot ulcers, autonomic neuropathy effecting gastrointestinal, genital 

and cardiovascular systems (21). 

The incidence of diabetes has increased and continued to rise, especially in high-

population and developing countries (23). Regions like the middle east and north Africa 

seem to have the highest frequency of diabetes in adults (10.9%), while other regions like 

the western pacific have the highest number of adults identified as diabetic with a percentage 

of 37.5 (21). 

2.1.1. Type 1 Diabetes   

Type 1 DM (T1DM) is identified with the depletion of insulin-producing β cells and 

accounts for approximately 10% of DM cases. Genetic and environmental factors are 

involved in the pathology of T1DM. T cell-induced immune attack destroys β cells (24). 

Therefore, T1DM is a chronic autoimmune pathological condition that requires lifelong 

insulin dependence (25, 26). 
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T1DM was formerly called "childhood diabetes" or "insulin-dependent diabetes" 

(25). The disease is mostly seen in younger groups of people starting from children to young 

adults. In other words, it can be seen at any age (24, 26). These patients have a high 

cardiovascular risk (24).  

2.1.2. Type 2 Diabetes 

Type 2 DM (T2DM) is the most frequent (90%) type of DM. Hyperglycemia 

develops due to insulin deficiency or insulin insensitivity. It is also often referred to as 

"insulin resistance". Although it is mainly seen in older adults, it can now be seen at any age 

due to nutritional problems and lack of movement. The incidence of T2DM is increasing day 

by day (24). The organs that play a role in T2DM are the pancreas (β-cells and α-cells), 

brain, liver, kidneys, small intestine, skeletal muscle, and adipose tissues. Moreover, the 

abnormal changes in gut microbiota, immune dysregulation and inflammation may be 

important pathophysiological factors of T2DM (27). 

2.1.3. Type 3 Diabetes 

The term "Type 3 DM" is used for the insulin-resistant milieu in the neuropathogenic 

state of Alzheimer's disease (AD). Insulin resistance plays an important role in AD 

progression. The incidence of AD is high in patients with T2DM (28). Amyloid β, tau, and 

amylin can accumulate in the brain in both T2DM and AD (29). Insulin helps break down, 

transport, and modify amyloid-β from the brain. Defective insulin signaling leads to 

abnormal accumulation of these misfolded peptides in the brain (28). Amylin released from 

pancreatic β cells regulates blood sugar. However, in AD, oxidative stress and inflammation 

develop with the accumulation of amylin in the neurons. Advanced glycosylation end-

products (AGEs) induce neurotoxicity by promoting the aggregation of amyloid oligomers 

(29).  

2.1.4. Gestational Diabetes 

Gestational diabetes, the most common cause of pregnancy complications, is an 

important health problem characterized by hyperglycemia affecting the mother, fetus, and 

newborn (30). Glucose tolerance usually returns to normal after delivery, but it does not 

return to normal in some women, increasing the risk of T2DM (31). In the second trimester 

of pregnancy, there is an increase in placental hormones and this causes insulin resistance 

(24, 32). The pancreas tries to compensate for maternal insulin resistance by producing more 
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insulin. Excessive insulin secretion leads to beta-cell dysfunction (32). Hyperglycemia, 

insulin resistance, and hyperinsulinemia bring some complications. Fetoplacental 

endothelial dysfunction develops due to maternal hyperglycemia (30). 

2.2. Kidneys  

The kidneys are oval bean-shaped organs (Figure 1) (33, 35, 36). The primary role of 

the kidney is to preserve the homeostasis of the body by controlling the selective retention 

or elimination of water, electrolytes, and other solutes (34). The structural and functional 

units of the kidney, nephrons, play many roles including the regulation of electrolyte, acid-

base and volume homeostasis, the filtration and excretion of toxins, xenobiotic and 

metabolic wastes, the reabsorption of nutrients, water, and electrolytes, the endocrine 

activity, and interaction with the sympathetic nervous system (4). The time-adjusted 

glomerular filtration volume is defined as the glomerular filtration rate (GFR) (34). 

 

Figure 1. Kidney structure and parts, a) Kidney structure b) The parts of a nephron and    

c) The microvasculature of a nephron (From Ishimoto, 35 and de Boer, 36) 
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2.2.1. Kidney Function Biomarkers 

There are different parameters in the evaluation of kidney functions (Figure 2): 

Cystatin C, β2-microglobulin (B2M), kidney damage molecule-1 (KIM-1), clusterin, netrin-

1, trefoil factor-3 (TFF-3), lipocalin-2 (NGAL), interleukin-18 (IL-18), tissue inhibitor of 

metalloproteinase 2  (TIMP2), liver-type fatty acid binding protein (L-FABP), insulin-like 

growth factor-binding protein 7 (IGFBP7), albumin, urinary exosomes, etc. (5-7). 

Blood urea nitrogen is a low molecular weight serum byproduct of protein 

metabolism (37). Although BUN and serum creatinine are the most commonly used markers 

for the clinical detection of kidney injury, the level of these parameters can also change 

independently of renal function (7, 38). Another parameter is serum and urine albumin (39). 

Albumin is considered one of the most abundant circulating proteins in the plasma. It is 

produced by the liver cells and rapidly sent to the bloodstream (40).  Because, albumin is 

reabsorbed, processed, and catabolized from the glomerular filtrate by the proximal tubule 

(41). The decrease in serum albumin may reflect the decrease in eGFR (39).  

 

 Figure 2. Biomarkers for kidney functions (From Yao, 5) 
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2.2.1.1. Creatinine 

The amino acids glycine, arginine, and methionine are needed for the synthesis of 

endogenous creatine (2-[Carbamimidoyl(methyl)amino]acetic acid, 131.13 g/mol) It is 

synthesized by the action of L-arginine glycine amidinotransferase (AGAT) and 

guanidinoacetate N-methyltransferase (GAMT)] enzymes in the kidney and liver, 

respectively (42, 43). Creatinine (2-Imino-1-methyl imidazolidine-4-one, 113.12 g/mol) is a 

lactam form and a metabolite of the creatine molecule (44). The skeletal muscle is considered 

the main detainer of creatine and creatine phosphate (8). Serum creatinine is produced by a 

non-enzymatic spontaneous anhydration of creatine in the muscle cells. This process 

depends respectively on pH and temperature levels (8).  Serum creatinine exposes to passive 

clearance by glomerular filtration and active clearance by tubular secretion (45). Since it is 

a small molecule, it is almost eliminated via glomerular filtration. Creatinine is one of the 

most frequently evaluated parameters for kidney function. (46). Creatinine clearance is better 

for estimating glomerular filtration rate (GFR) but has some disadvantages when assessing 

renal function (45, 46). Changes in GFR levels are reflected in creatinine levels late (7). 

Moreover, creatinine is affected by many factors including muscle mass, protein intake, 

gender, time of day, certain medications, hyperglycemia, and pregnancy. In addition, the gut 

microbiota breaks down creatinine in advanced chronic kidney disease. Therefore, it does 

not fully reflect kidney function (45, 46). 

Since the skeletal muscle is one of the main target organs of insulin, there may be a 

link between serum creatinine and T2DM. A decrease in skeletal muscle may lead to the 

elevation of the risk of T2DM (47). 

2.2.1.2. Cystatin C 

Cystatin C (13.3 kDa) is a nonglycosylated protein in all nucleated cells, generated 

at a constant rate by the CST3 gene (9, 11, 48, 49). It is a potent competitive extracellular 

inhibitor of cysteine proteinases; mainly controls extracellular protease activity (50). It is 

involved in the inflammatory cascade (45). Because of its basic pH, cystatin C is filtered 

from the glomerulus freely but is completely reabsorbed in the proximal tubules. It is not 

reabsorbed into the bloodstream (51). Cystatin C is an alternative endogenous parameter for 

the assessment of GFR (10). Since it is less affected by external factors (i.e. gender, race, 

muscle mass), it is a more reliable marker than serum creatinine in reflecting kidney 

functions (11, 52). Contrary to creatinine cystatin C is not released through the proximal 
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tubules, and its creation is not affected by the muscle mass or any other variables like dietary 

meat intake (51). This molecule is diffused in the extracellular fluid. On the other hand, 

creatinine is diffused in the internal environment of the whole body, which means that in 

diminished glomerular filtration rate, serum cystatin C rises faster than creatinine (38). In 

addition to evaluating kidney disease, serum cystatin C can also be evaluated as a marker to 

reflect problems that cause cardiovascular diseases such as insulin resistance, metabolic 

syndrome, obesity and essential hypertension (53). 

2.2.1.3. Angiotensin-Converting Enzyme 2 

Angiotensin-converting enzyme 2, which converts Ang I to Ang (1-9) and Ang II to 

Ang (1-7), is widely distributed throughout the body organs such as lungs, heart and kidneys 

(Figure 3). It is an important counter-regulatory of RAAS (12, 14). By activating the 

signaling pathways, RAAS balances fluids and natrium, and modulates the homeostasis of 

cardiovascular circulation and blood pressure. The physiological balance of sodium and fluid 

is sustained by the activation of the signaling pathways by RAAS along with regulating the 

homeostasis of blood pressure and cardiovascular circulation (54). Enzymatic reactions 

within the renin-angiotensin system produce Ang II, which promotes vasoconstriction and 

inflammation and detrimental cardiovascular effects. ACE2 cleaves angiotensin II, 

balancing RAAS (55). It is an important counter-regulatory enzyme by converting Ang II to 

Ang (1–7), that reduces blood pressure and inflammation by controlling vasodilation, 

increasing renal excretion of water and natrium ion, and producing nitric oxide (12). Plasma 

ACE2 may be a marker of RAAS (55). Therefore, dysregulation of the renin-angiotensin 

system and elevated ACE2 are associated with cardiovascular diseases (12, 56). ACE2 is 

found at the brush border of the proximal tubule and glomerular podocyte in the kidneys. 

Ang II promotes the progression of kidney disease, while Ang (1-7) promotes regression. 

Therefore, ACE2 is important for the kidneys. Loss of ACE2 can cause inflammation and 

fibrosis in the tubulointerstitium and glomerulus (13). ACE2 levels vary with age, with the 

highest levels in young animals and the lowest in older animals, with lower levels in older 

males and females (14, 57). 
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Figure 3.  The effects of ACE2 and the renin-angiotensin-aldosterone system (Modified    

from Beyerstedt, 58 and Cooper, 59) ACE2: Angiotensin-converting enzyme 

2; AT1R: Angiotensin II type 1 receptor. 

2.2.2. Kidneys and Diabetes Mellitus 

Kidneys play an important role in maintaining glucose homeostasis. Glucose is freely 

filtered in the glomerulus and undergoes tubular filtration by sodium-glucose cotransporters 

(SGLTs). Filtered glucose is reabsorbed in the proximal tubule. Although the low GFR seen 

in kidney disease reduces the filtered glucose load, the reabsorption capacity decreases due 

to the decrease in nephrons, and glucose excretion increases. While the kidneys use 10% of 

the plasma glucose as an energy source, they contribute about 25% to the blood glucose in 

the fasting state. On the other hand, it also enacts the metabolism of insulin. Briefly, the 
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kidneys play a role in the filtration and absorption of glucose, the regulation of its 

metabolism, and its own energy needs (2).  

Diabetes Mellitus leads to kidney disease, vascular endothelial damage, mesangial 

cell proliferation and matrix expansion, advanced protein glycosylation, and the release of 

cytokines. It continues with some problems including metabolic acidosis, electrolyte 

imbalance, edema, excessive protein degradation, body weight, and muscle loss. As a result, 

insulin resistance, advanced glycation products, and lipid accumulation can be seen (54). 

Hyperglycemia in DM triggers GLUT1/2-dependent basolateral glucose uptake causing to 

increase in total kidney mass by remodeling epithelial cells and resulting in tubular 

hypertrophy. The progression of lesions in the diabetic kidney increases with some 

conditions including hypoxia, oxidative stress, inflammation and apoptosis (3). 

2.3. Electrolytes, Kidney and Diabetes Mellitus 

Electrolytes are very important for different body processes such as controlling 

fluids, maintaining acid-base balance (pH), blood clotting, muscle contraction and nerve 

conduction (15). Electrolyte disorders are often multifaceted. It contains multiple 

physiologic abnormal states that act in combination or alone (i.e. coexistent acid-base 

defects, gastrointestinal absorption capacity and other co-occurring health conditions) (60).  

Electrolyte imbalance is more common in diabetic patients, especially in those with 

kidney disease. This imbalance is more common in hospitalized diabetics (15). Diabetic 

ketoacidosis, one of the most common complications of DM, is triggered by electrolyte 

imbalance. Hyperosmolality develops in hyperglycemia (24). Glucose, an osmotically active 

molecule, causes the movement of water out of the cells, increasing serum osmolality (60, 

61). Hyperglycemia leads to cellular dehydration by disrupting cell surface receptors and 

transport channels that carry fluid and electrolytes from the intracellular space to the 

extracellular space (15). This can cause hypotension and shock (24). 

Sodium (Na+), potassium (K+), calcium (Ca2+), and magnesium (Mg2+) are 

electrolytes found in serum. These electrolytes are responsible for the sustainment of 

mediating metabolism and cellular function, as well as the enzyme activities and 

maintenance of electrical gradients (15). The kidneys functions in regulating electrolytes and 

fluid balance (Figure 4) (62).   
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Figure 4. The fluxes of electrolytes along the nephron (Modified from Bell, 62) 

Sodium is an osmotically active cation. It is considered one of the most important 

electrolytes. It plays a role in the maintenance of the extracellular fluid volume and can 

regulate the membrane potential of cells. This electrolyte is exchanged with potassium across 

the cell membrane by active transport. Sodium is regulated and mostly absorbed in the distal 

convoluted tubule of the kidneys (63). 

In a diabetic coma, the intracellular movement of electrolytes is impaired due to 

impaired insulin action. This leads to the deterioration of serum Na+ and K+ levels (15). 

Hyponatremia (low Na+) develops due to intracellular dehydration, especially in 

uncontrolled DM (60, 61). Increased ketone bodies in diabetic ketoacidosis induce sodium 

loss via urinary electrolyte increase. In addition, hypernatremia may develop due to osmotic 

diuresis. Hypernatremia may occur in cases of greater water loss from sodium and potassium 

(60). In DM patients with hyperlipidemia, Na+ may also be artificially decreased 

(pseudohyponatremia) due to the decrease in water in the serum. Even if patients have 

normal serum sodium levels (pseudonorrmonatremia), hypernatremia should be considered. 

In diabetes, changes in the renin-angiotensin system also cause changes in serum sodium 

concentration (61).  
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Potassium is one of the most abundant ions in the human body, it is mostly found 

intracellularly. Potassium intake is made by the Na/K-ATPase pump and flows through the 

potassium channels. Intracellular potassium distribution is influenced by different 

intra/extracellular factors such as acid-base status, hormones, and osmolality / osmotic 

pressure, and potassium concentrations (64). The kidneys are the main filtrating point for the 

potassium ion specifically at the glomerulus. Potassium is reabsorbed at the proximal 

convoluted tubule and thick ascending loop of Henle. However, its secretion takes place at 

the distal convoluted tubule (63). 

Hypokalemia in DM is seen due to the redistribution of K+ into the extracellular fluid 

compartment due to insulin administration, and gastrointestinal and renal potassium loss. 

Insulin deficiency leads to the development of hyperkalemia. The decrease in pH seen in 

acidosis increases the K+ concentration. Hyperkalemia may develop due to decreased tubular 

secretion of K+ in hyporeninemic hypoaldosteronism syndrome in diabetics (60). 

Hyperkalemia increases plasma tonicity (61). 

Chloride (Cl-) is an important anion involved in the regulation of cell volume and 

acid-base homeostasis. It is abundant in extracellular fluid and accounts for a significant 

portion (about one-third) of extracellular fluid tonicity (65, 66). This ion regulates renin 

secretion, renal sodium utilization, blood pressure, oxygen transportation, and muscular 

electrical activity (65, 67). The kidney, which is an important regulator of chloride 

homeostasis, provides chloride reabsorption and maintains extracellular fluid volume. 

Filtration of chloride happens at the glomerulus and the reabsorption at mainly proximal and 

secondly distal tubules by both active and passive transport (64). 

In the case of hyperchloremia, kidney damage may develop (66). In DM ketoacidosis, 

keto acids reduce the blood pH and disrupt the acid-base balance, which increases the serum 

chloride level (61). Therefore, serum chloride level has been an important laboratory 

parameter to be considered in cases of metabolic acidosis (67). 

Magnesium is essential for life, takes place in numerous (>300) enzymatic reactions 

to maintain cell function, and is involved in the carbohydrate, lipid, protein, and nucleic acid 

metabolism, ATP utilization, mitochondrial function, regulation of ion channels, 

neurotransmitter releasing, oxidative stress, immunity, cell proliferation, etc. (60, 68, 69). 

Magnesium is needed as a cofactor in the drift of glucose into the cell and for carbohydrate 

metabolism. It is involved in the cellular activity of insulin. Insufficient magnesium intake 
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is considered a risk factor for diabetes. (70). Magnesium plays a role in glutathione synthesis 

as a cofactor, which is believed to be linked to its antioxidant capacity and may upregulate 

antioxidant enzymes such as catalase, superoxide dismutase, glutathione peroxidase. 

Moreover, magnesium is capable of protecting against oxidative damage and inactivating 

lipid peroxidation (71). 

Most of the magnesium is found in bone and muscle. The main excretion route of 

magnesium is the kidneys. Most of the filtered magnesium is reabsorbed in the loop of Henle. 

The final site of Mg reabsorption is in the distal convoluted tubule (68). Renal 

hypomagnesemia may lead to an augmentation of the glomerular filtration and insufficient 

reabsorption in proximal tubular cells. In addition, it may lead to the thickening of the 

ascending limb of the loop of Henle and the distal convoluted tubule (69). Magnesium 

deficiency exacerbates tubular cell death and phosphate-induced inflammation it causes the 

progression of chronic kidney disease (72). 

Osmotic diuresis also causes hypomagnesemia in diabetic patients. Hyperglycemia 

leads to renal Mg2+ loss. The incidence of hypomagnesemia is higher in diabetic acidosis. 

Gastrointestinal system disorder also increases magnesium loss. In addition, 

hypoalbuminemia in DM may give the appearance of false hypomagnesemia. Serious 

pathological problems may develop with electrolyte disturbances such as hypokalemia, 

hypocalcemia, and hypophosphatemia accompanied by hypomagnesemia. Therefore, 

hypomagnesemia in patients with diabetic nephropathy reflects advanced kidney disease. 

Hypomagnesemia worsens DM by impairing carbohydrate metabolism (60). In patients with 

T2DM, hypomagnesemia reflects renal dysfunction (68). Tubular dysfunction may 

contribute to urinary magnesium loss by impairing magnesium absorption (72). 

Hypocalcemia is a manifestation of severe hypomagnesemia (68). 

Calcium is an important electrolyte with many functions including bone and tooth 

structure, muscle contraction, blood coagulation, cardiac contractility, normal neurological 

function, and some hormones (73). Ca2+ is an electrolyte mostly found in extracellular fluid. 

It is mostly absorbed in the intestine under the control of the hormonally active form of 

vitamin D. Moreover, Ca2+ secretion is regulated by the parathyroid hormone in the distal 

tubule of the kidneys (63). Kidney disease causes imbalances in renal calcium transport. 

Hypercalcemia develops when the absorption of calcium in the nephrons is low and its 

urinary excretion is high. Hypercalcemia causes renal vasoconstriction (73). Cytolytic 
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calcium is involved in insulin secretion in β cells. The rapid increase of Ca2+ in the cell 

promotes insulin secretion and calcium homeostasis is widely impaired in diabetics (74). In 

DM, calcium absorption deficiency due to intestinal disorder may result in hypocalcemia. 

Because, hyperglycemia may lead to calcuresis or hypercalciuria (75). The changes in urine 

pH may cause hypercalciuria (when metabolic acidosis) or a decrease in calcium excretion 

(when metabolic alkalosis) (73). 

Iron (Fe2+) is an indispensable element for life, which has many functions, mainly 

carrying oxygen (76). Cells that have high metabolic rates need more iron and are at a major 

risk for dysfunction during iron deficiency (77). It is also necessary for the metabolic needs 

of kidney cells. The kidney prevents iron loss from the body by absorbing filtered iron. In 

kidney dysfunction and/or damage, blood iron levels may decrease due to iron transport 

disorder or increased urinary excretion. On the other hand, disruption of iron homeostasis 

can cause kidney damage. Because, Fe2+ causes some pathological conditions (via the 

Fenton reaction), such as oxidative stress, inflammation, and mitochondrial dysfunction. 

Therefore, an increase in blood iron or an accumulation of iron in the kidney, or excess iron 

excretion in the urine may reflect kidney damage problems (76). 

Iron has a role in the effect and secretion of insulin (78). Insulin contributes to iron 

metabolism by affecting the distribution of transferrin on the cell surface and increasing iron 

uptake into tissues. Insulin sensitivity increases in iron deficiency (79). On the other hand, 

Fe2+ causes tissue damage by producing reactive oxygen species (ROS) with its pro-oxidant 

property. Moreover, an increase in iron levels increases the risk of DM. Iron accumulation 

in pancreatic β cells may impair insulin secretion (79). 

2.4. L-Theanine 

Tea is one of the most consumed beverages on the planet, especially in Türkiye. Teas 

produced from Camellia Sinensis are the unfermented type green tea, the semi-fermented 

type oolong tea, and entirely fermented and dried black or red tea (80). LTEA is viewed as 

the most abundant amino acid in these teas. It gives a unique taste and smell to the tea (81). 

Theanine synthetase is responsible for the ligation of ethylamine and L-glutamate to form 

LTEA in tea plants. Moreover, theanine amidohydrolase has the potential to hydrolyze 

LTEA, as a result, making L-glutamic acid and ethylamine that is homogenous to the one 

catalyzed by glutamine amidohydrolase (82). LTEA is mostly found in the cotyledons, 

shoots, and roots of the tea plant seedling. Additionally, in mature plants, its biosynthesis 
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takes place in the roots and is transferred to the phloem via the stem to attend to the growing 

shoots. LTEA abundance in tea trees depends on different factors such as the method of 

cultivation, tea grade and variety, time of harvest, and exposure to sunlight (16). It is 

considered that one cup (250 mL) of adequately brewed green may provide around 40 mg 

of LTEA (83).  

L-Theanine (MW. = 174.2 g/mol) also has known different names such as 5-N-

ethylglutamine, γ-ethylamino-L-glutamic acid, γ-glutamylethylamide, γ-L-glu-ethylamide, 

and γ-glutamyl-L-ethylamide (16). It shares a similar structure with L-glutamine as a result 

LTEA has the potential to compete with L-glutamine for its receptors on the surface of cell 

membranes (84).   

Orally induced LTEA is rapidly immersed into the bloodstream via intestinal 

absorption, which will be transferred to the body’s major organs such as the brain. The 

concentration of LTEA attains its maximum level in the bloodstream about 30 min to 2 hours 

from the administration. It is removed from the body via urine in which the amino acid will 

be catabolized by amide hydrolysis resulting in glutamic acid and ethylamine (16).  

L-Theanine has different positive effects on health such as relaxation effects, learning 

ability improvement, cancer prevention, and prevention of vascular diseases, improvement 

of the immune system, effects on weight loss, lipid-lowering, antihypertensive, 

chemosensitizing, and hepatoprotective (16).  

This amino acid penetrates the blood-brain barrier (85). It may reduce the stimulating 

effect of caffeine on the central nervous system. Moreover, it has a neuroprotective effect to 

its capability of inhibiting neuronal cell death after cerebral ischemia such as stroke (86). It 

has the ability to reduce neurodegeneration and improve neuronal survival (87). LTEA may 

also act as an attenuator of stress-related symptoms such as depression, and anxiety, and it 

may improve cognitive function (88). 

L-Theanine may act as a biochemical modulator for chemotherapeutics and may 

suppress tumor cell invasion. The antitumor effect of this amino acid has been investigated 

in many studies, which conclude that LTEA is strongly effective as an antitumor component 

(89).  In addition, LTEA deploys an anti-inflammation and extracellular matrix-protection 

effect and may display a positive effect on damaged- cartilage (90). 
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Moreover, LTEA is considered an anti-obesity component and may be beneficial for 

weight loss (91). It may have the ability to protect partially the pancreatic β-cells in an 

oxidative stress environment and may be considered an insulinotropic agent, which may be 

utilized as a preventive treatment for diabetes (92). It has the ability to initiate the insulin 

pathway.  It can regulate the metabolisms of biomolecules (carbohydrate, lipid, protein…) 

via the signaling of insulin and AMP-activated protein kinase, as well as their downstream 

signaling pathways. LTEA promotes glycogen synthesis and conceals gluconeogenesis. 

Moreover, it has been suggested that this amino acid stimulates glycolysis (93).  It can also 

affect the regulation of the metabolism by reducing glucose uptake via SGLT3 and GLUT5, 

and regulating the intestinal microflora (19).  

Studies have shown that LTEA has protective effects against kidney damage in rats 

with experimental sepsis (17) and doxorubicin (DOX)-induced nephrotoxicity (18, 94).  In 

acute nephrotoxic rats, LTEA may have the ability to decrease creatinine clearance, and 

inhibit the lipid peroxidation process and the reduction of glutathione content. Therefore, 

LTEA may play a role in protecting the kidney by modifying the levels of glutathione (19). 
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3. MATERIALS and METHODS 

3.1. Materials 

The list of devices, tools, and materials used for this study and their manufacturers 

are in Table 1; the chemicals are in Table 2, and the commercial kits are 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) 

Deep Freezer (-80 °C) Thermo Electron Corporation (USA) 

ELISA Washer Biotek ELx 50 (USA) 

Hand Homogenizer OMNI-Tissue Master 125 (USA) 

Incubator Galenkamp (England) 

Lamella Marienfield, Lot No: 37393 017 (Germany) 

Light Microscope Olympus BX-51, Olympus Optical Co. (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) 

Microtome Leica RM2255 (USA) 

Microtome Knife Therma, Lot No: 9G302226 (USA) 

pH-meter Hanna Instruments, HI 9321(UK) 

Pipette Tips Kartell Spa (Italy), Lot No: 4806; Iso Lab (Germany), 

Lot No: PTPPN19010002  

Positively Charged Slide HDA, 20181122 (China) 

Precision Balance Mettler Toledo AB 204-S (Sweden) 

Refrigerated Centrifuge Beckman-Coulter (USA) 

Refrigerator (+4 °C) Arçelik, Vestel (Türkiye) 

Rolled Lam Marienfield, Lot No: 37909306 (Germany) 

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 

Absolute Ethanol Smyras, Lot No: 305240919060 (Türkiye) 

Entellan Merck, Lot No: HX378130 (Germany) 

Eosin Biognost, Lot No: E0YA-13/18 (Belgium) 

Formaldehyde Sigma, Lot No: SZBE2450V (Germany) 

Phosphate Buffer (PBS)  VWR Life Science, Cat No: E404 (USA) 

Granular Paraffin Tekkim, Lot No: 240215224 (Türkiye) 

Crystal Violet ZAG Chemicals, Cas No: 548-62-9 (Türkiye) 

Xylene Tekkim, Lot No: 090709134001 (Türkiye) 

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

Nicotinamide Sigma, Cat No: 102116371, (≥ %99.5) (Germany) 

Streptozotocin Cayman, Lot No: 1.800.364.9897 (≥ %95) (USA) 

Trichrome Stain (Masson) Histomed, Lot No: 252017.002 (Türkiye) 

Triton X-100  Merck, K2351869, (> %95) (Germany) 

Ethyl Alcohol Aytaş, Lot No: 200-578-6 (%96) (Türkiye) 

Table 3. Commercial kits  

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

ACE2 Elabscience, E-EL-R2453, 7LKEIMPXYD, Texas, USA 

GSH Cayman Chemical, 703002, Michigan, USA 

GSSG Cayman Chemical, 703002, Michigan, USA 

Cystatin C Elabscience, E-EL-R0304, ZF69MCGLQ2,  Texas, USA 

3.2. Methods 

This study was fulfilled with the support of the Karadeniz Technical University 

Scientific Research Project (BAP) named “Investigation of the Effects of L-Theanine on 

Kidney Tissue in Diabetic Rats” (Project No: TYL-2021-9925). In addition, the approval 

(No: 2021/50, date 24.09.2021).  

3.2.1. Experimental groups 

In this study, 24 Wistar male rats (2-3 months old, 150-250 g), obtained from KTU 

Surgical Practice and Research Center were used. Feed and water were given ad libitum by 

providing 12 hours of darkness and 12 hours of daylight. These animals were arbitrarily 

separated into 4 experimental groups (n=6/group).  
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Group I (SHAM): Healthy rats given drinking water  

Group II (LTEA): Healthy rats given 200 mg/kg/day of L-Theanine  

Group III (DM): Diabetic rats given drinking water  

Group IV (DM+LTEA): Diabetic rats given L-Theanine  

To induce DM, the rats will fast overnight and 60 mg/kg STZ prepared in 0.1 M 

citrate buffer (pH 4.5) was applied by i.p. To reduce pancreatic cell damage, 15 min before 

STZ injection, 120 mg/kg NA was given by i.p. After 2 days, blood glucose levels in tail 

veins were measured with a glucometer (Vitals G400, Ankara, Türkiye). The animals with 

a fasting glucose concentration >250 mg/dL (13.875 mmol/L) were considered diabetic rats 

(95). 

Drinking water and LTEA (freshly dissolved in water) were given by gastric gavages 

for 28 days (96, 97).  

At the end of the 28-day experiment period, the animals were sacrificed by the 

decapitation method. The blood of the rats was taken into tubes without anticoagulant and 

with EDTA and centrifuged at 3000 rpm for 10 min to obtain serum and plasma samples, 

respectively. After the kidney tissues of the rats are removed, half of them were used for 

histopathological examinations and the other half for biochemical examinations. Samples 

taken for biochemical analysis were stored at -80 °C until the day of analysis. 

3.2.2. Biochemical Analysis 

3.2.2.1. Parameters Analyzed by the Autoanalyzer 

Serum glucose, albumin, BUN, creatinine, Na, K, Cl, Ca, Mg, and Fe levels in serum 

samples were analyzed in Karadeniz Technical University Farabi Hospital Biochemistry 

Laboratory using a Beckman Coulter Autoanalyzer AU5800. 

Glucose concentrations have been analyzed with the enzymatic (hexokinase) 

method. Glucose-6-phosphate produced by hexokinase is oxidized by the glucose-6-

phosphate dehydrogenase enzyme and reduces NAD+ to NADH. The increase in NADH 

absorbance at 340 nm reflects glucose level. 

Albumin level analysis was based on the photometric method. When bromcresol 

green (BCG) reacts with albumin, a colored complex is formed in this method. The 

absorbance at 600/800 nm of the formed complex is proportional to the albumin level. 
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Creatinine amounts were evaluated with the kinetic color test. This test takes place 

in an alkaline environment.  Creatinine and picric acid sculpt a yellow-orange composite. 

The rate of change at 520/800 nm is proportional to the creatinine level. 

BUN was gauged with the kinetic UV test by hydrolyzing urea with the urease 

enzyme forming ammonia and carbon dioxide. The formed ammonia fuses with 2-

oxoglutarate and NADH while using glutamate dehydrogenase. BUN levels were 

determined by measuring the decrease in NADH absorbance. 

Sodium, potassium, and chloride levels were measured in the ISE module of 

Beckman Coulter analyzers. The reagents were used in conjunction with the ISE module for 

the quantitative gauging of Na+, K+, and Cl- levels.  The module using crown ether membrane 

electrodes measures both sodium and potassium. On the other hand, chloride was analyzed 

with a molecularly based PVC membrane electrode. Conform to the Nernst Equation, each 

ion has a specific electrical potential and is compared to an internal reference which is 

converted to a voltage and finally to an ion concentration of the sample. 

Total calcium levels were measured by a photometric color test. This test is based 

on calcium ions (Ca2+) which react with Arsenazo III (2,2'-[1,8-Dihydroxy-3,6-

disulfonophthylene-2,7-bisazo]-bisbenzenarsonic acid) to form a dense purple (Ca-Arsenazo 

III) complex. The absorbance of the complex are analyzed at 660/700 nm biochromatically. 

The calcium levels and the augmentation of the absorbance are directly proportional. 

Magnesium levels were found by photometric color test.  The test takes place in a 

very acidic environment, in which magnesium ions fuse with xylidyl blue making a colored 

compound. This formed compound is gauged biochromatically at 520/800 nm. The 

magnesium concentration and the colored complex are proportional. Calcium interference is 

eliminated with glycoletherdiamine-N,N,N',N'-tetraacetic acid . 

Iron analyzing principle is based on the photometric color test.  In the Beckman 

Coulter method, TPTZ [2,4,6-Tri-(2-pyridyl)-5-triazine] is used as a chromogen. In an acidic 

environment, iron bound to transferrin is broken down into free valent iron ions and 

apotransferrin. Hydrochloric acid and sodium ascorbate reduce trivalent iron ions to bivalent. 

The bivalent iron ions react with TPTZ to form a blue-colored, bichromatic measurable at 

600/800 nm. The iron concentration is directly proportional to the rise of the absorbance. 
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3.2.2.2. Determination of Cystatin C Levels  

Cystatin C levels were determined in serum and in kidney tissues of rats by using a 

commercial cystatin C kit (Elabscience, Item no: E-EL-R0304, Texas, USA) based on 

Sandwich-ELISA. Tissue homogenate preparation and cystatin C measurement were 

performed according to the kit protocol described below. 

Preparation of Homogenates 

100 mg of tissue was placed in 1 mL of PBS buffer. Tissues were homogenized in 

an ice-cold environment with a homogenizer at 5000 rpm for 30 s. After homogenization, 

15 s sonication (130 Watt, 20 Khz) was applied.  The homogenates were centrifuged at 5000 

xg for 5 min and the supernatant was collected. 

Experimental Procedure 

1. Sample supernatants prepared for cystatin C measurement, standards, and reagents 

available in the kit were applied to the microplates following the kit protocol. Absorbance 

was read at 450 nm using a microplate reader. 

2. The sample concentrations were calculated in ng/mL according to the standard 

graph shown in Figure 5.  

3. Cystatin C levels in serum were given as ng/mL but in the tissues were given per 

protein levels (ng/mg protein). 
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Figure 5. Standard curve for cystatin C concentration 

3.2.2.3. Determination of ACE2 Levels  

To evaluate the kidney function, ACE2 levels in serum and kidney tissues of rats 

were measured using a commercially purchased ACE2 ELISA kit (Elabscience, Item no: E-

EL-R2453, Texas, USA). Tissue homogenate preparation and ACE2 measurement were 

performed by the kit protocol.  

Preparation of Homogenates  

100 mg of tissue was placed in 1 mL of PBS buffer. Tissues in an ice-cold 

environment were homogenized at 5000 rpm for 30 s. After homogenization, 15 s sonication 

(130 Watt, 20 Khz, Sonics Vibra-Cell, 42174L) and then centrifugation at 5000xg for 5 min 

were applied. The obtained supernatants were used. 

Experimental Procedure 

1. Sample supernatants, standards, and reagents were applied to the microplates 

according to the kit protocol. Absorbance was read at 450 nm using a microplate reader. 

2. The sample concentrations were calculated in ng/mL according to the standard 

chart in Figure 6.  
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3. ACE2 levels in serum were given as ng/mL but in the tissues were given per 

protein levels (ng/mg protein). 

 

 

 

 

 

 

 

 

 

 

Figure 6. Standard curve for ACE2 concentration 

3.2.2.4. Determination of Glutathione Levels 

To evaluate the oxidant-antioxidant balance levels, GSH and GSSG levels in serum 

and kidney tissues were determined using, a commercial glutathione kit (Cayman Chemical, 

Item No: 703002, Michigan, USA). This kit is based on an enzymatic method using 

glutathione reductase. As a result of the reaction of the sulfhydryl group of GSH with DNTB 

(5,5’-dithiol-bis-2-(nitrobenzoic acid), Ellman’s reagent), the yellow 5-thio-2-nitrobenzoic 

acid (TNB) is formed. Measurement of the resulting TNB absorbance (405 nm) gives the 

amount of GSH in the sample. 

Used solutions 

1. MPA reagent (10 %): 5 g of metaphosphoric acid was diluted in 50 mL of distilled 

water. 
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2. TEAM reagent (4 M): 531 µL of triethanolamine was diluted in 469 µL of distilled 

water. 

3. 2-vinylpiridin (1 M): 108 µL of 2-vinylpiridin was diluted in 892 µL of ethanol. 

Preparation of Homogenates 

In accordance, 100 mg of tissue was weighed and homogenized in 1 mL of cold 4-

morpholinethanesulfic acid (MES) buffer at 5000 rpm for 30 s. It was centrifuged at 10000×g 

at 4°C and the supernatant was taken.  

Deproteinization 

Before the GSH and GSSG measurements, deproteinization was applied to the 

supernatant. An equal volume of 10 % metaphosphoric acid (MPA) reagent was added to 

the samples, vortexed, and incubated at room temperature for 5 min. It was then centrifuged 

at 2500×g for 5 min. The supernatant was taken and 50 µL of 4 M triethanolamine (TEAM) 

reagent per mL supernatant was added and vortexed. The prepared samples were used for 

the determination of total GSH levels. 

Derivatizing 

Before GSSG measurement, the deproteinized supernatant was derivatized with 2-

vinylpyridine. 10 µL of 1 M 2-vinylpyridine was added per mL of deproteinized samples 

and vortexed. It was incubated for 60 min at room temperature. This process, which was 

applied to the samples, was also applied to the standards. Samples are ready for GSSG 

analysis. With the kit for determining GSH and GSSG levels, derivatization of GSH with 2-

vinylpyridine is required to determine GSSG levels.  

Experimental Procedure 

GSSG and GSH standard graphs were drawn (Figure 7, and Figure 8, respectively) 

and total GSH (TGSH) and GSSG concentrations were calculated with the help of the 

standard graphs. Tissue GSH and GSSG levels were given in nmol/mg protein units to 

standardize. 
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Figure 7. Standard curve for GSSG concentration 

 

 

Figure 8. Standard curve for GSH concentration 
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3.2.2.5. Determination of Protein Levels in Kidney Tissues 

It is based on the binding of the proteins in samples to an organic dye, Coomassie 

Brilliant Blue G250, in a phosphoric acid medium. The formed blue complex gives the 

maximum absorbance at 600 nm. 

Reagents: 

1. Bradford Reagent: 10 mg of Coomassie Brilliant Blue G250 was diluted in 5 mL 

of 95 % ethanol, and 10 mL of 85 % H3PO4 was added. The final volume was completed to 

100 mL with distilled water.  

2. Standards: Bovine serum albumin (BSA) solutions (0.5, 0.4, 0.3, 0.2, 0.1, 0.05 

mg/mL) were prepared. 

Experimental Procedure: 

10 µL of the sample and standard were added to the microplate.100 µL of the 

Bradford reagent was added and shaken for 10 min in a dark place. The absorbance was read 

at 600 nm. 

The experimental procedure shown in Table 4 was applied.   

Table 4. Experimental steps for the protein level determination 

 Blank (µL) Standard (µL) Sample (µL) 

Distilled Water 10 -  

Standard - 10 - 

Sample - - 10 

Bradford Reagent 100 100 100 

Incubation at room temperature and in a dark environment for 10 min. 

Reading of the absorbance at 600 nm. 

By using the protein standard graph (Figure 9), the concentration of the proteins in 

kidney tissues was calculated as mg/mL.  
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Figure 9. Standard curve for protein concentration 

3.2.3. Histopathological Analysis 

After fixing of kidney tissues in a 10 % formaldehyde solution for 48 hours, they 

were dehydrated by passing through a series of increasing degrees of alcohol. Paraffin-

embedded tissue sections at 5 μm thickness taken with a fully automated microtome (Leica 

RM2255, Japan) were stained with hematoxylin-eosin (H&E) for histopathological 

evaluation. An Olympus BX51 light microscope (Tokyo, Japan) was used to examine and 

the results were photographed by using the Olympus DP71 (Olympus, Tokyo, Japan) camera 

attachment at different magnifications. Preparations belonging to all groups were made by 

an experienced histologist. In particular, the renal cortex and outer medullary area were 

evaluated under high magnification (400X) in 5 different areas. According to the findings 

obtained in the evaluation of the preparations, they were examined in terms of focal 

glomerular necrosis, Bowman's capsule dilatation, degeneration of tubular cells, 

vacuolization of tubular cells, shedding of tubular epithelial cells, intertubular vascular 

congestion, tubular enlargement, and intratubular hyaline deposition.  
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Each section was scored semi-quantitatively between 0-3. Accordingly, (0: no 

damage; 1: mild=<25% damage, focal and mild changes; 2: moderate=25-50% damage, 

multifocal, significant changes, and 3: severe=>50% damage, diffuse changes) (98) 

3.2.4. Statistical Analysis 

The data were statistically evaluated in the "SPSS (IBM SPSS Statistics 23)" 

program. The conformity of the parameters to the normal distribution was checked with the 

“Kolmogorov-Smirnov” test. The "Kruskal-Wallis" test was used to compare more than two 

variables that did not fit the normal distribution, and the "Mann-Whitney U" test was used 

for binary variables. Results are given as “Median (interquartile range (IQR)) and 25th-75th 

percentiles”. The “One-Way ANOVA” test was used to evaluate the histological analysis 

results for more than three independent groups. Tukey test was used for post hoc evaluations. 

Histological results were given as “mean ± standard error”.  p<0.05 was considered 

statistically significant. 
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4. RESULTS 

4.1. Animal Weights  

Initiation weights of the study groups, before the treatments with LTEA or drinking 

water, were initially kept close to each other. However, after 28 days, the DM rats gained 

less weight and LTEA treatment was not significantly effective to change the diabetic rat 

weights (Table 5). 

Table 5. Body weights and glucose levels of the study groups 

Parameters SHAM LTEA DM DM+LTEA 

Initial Weight (g)  [197 (12)] 

(193-204) 

[195 (27)] 

(182-209) 

[197 (16)] 

(189-205) 

[198 (16)] 

(188-204) 

Final Weight (g)  [240 (11)]  

(234-245) 

[233 (10)]  

(230-240) 

[206 (25)] b 

(188-213) 

[196 (19)] a,b 

(189-208) 

Initial Glucose (mmol/L) [5.42 (0.46)] 

(5.18-5.64) 

[5.51 (0.74)] 

(5.15-5.88) 

[22.12 (9.22)] a,b 

(18.18-27.39) 

[22.48 (8.16)] a,b 

(17.72-25.88) 

Final Glucose (mmol/L) [6.05 (1.38)] * 

(5.68-7.05) 

[6.35 (0.35)] * 

(6.25-6.60) 

[10.95 (3.68)] a,b,* 

(9.58-13.25) 

[12.55 (7.18)] b,* 

(7.93-15.10) 

Results were given as “[Median (IQR)] and 25th-75th percentiles”.  

P values according to ‘Mann Whitney U’ test. 

p<0.05 was accepted statistically significant according to a: Control; b: LTEA; c: DM;  : initial weight; 

*: initial glucose level. 

4.2. Biochemical Results 

In glucose levels, there was no significant difference in LTEA group compared to 

SHAM group, and DM+LTEA group to DM goup (p>0.05) after 28 days (Table 5). But, a 

significant elevation was observed in DM group compared to SHAM and LTEA groups.  

When comparing DM+LTEA  and LTEA groups, we identified a bordeline higher level in 

the DM+LTEA group but not significant (p=0.09). 

Albumin and creatinine levels were not significantly different among groups  

(p>0.05) (Table 6). However, BUN and serum cystatin C levels were higher in DM groups 

than SHAM and LTEA groups. Moreover, LTEA treatment decreased blood cystatin C 

levels in diabetic rats insignificantly (p>0.05). On the other hand, although the elevated level 

in kidney tissue was seen in DM group compared to SHAM, this was not statistically 

significant (p=0.180) (Figure 10). 
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Table 6. The levels of serum/plasma biochemical parameters in the study groups 

Parameters SHAM LTEA DM DM+LTEA 

Albumin (g/L) [31.90 (2.70)] 

(30.30-33.00) 

[32.05 (4.97)] 

(29.40-34.37) 

[31.50 (6.47)] 

(27.35-33.83) 

[30.40 (2.08)] 

(29.40-31.48) 

BUN (mg/dL) [18.00 (1.75)] 

(17.75-19.50) 

[20.00 (19.00)] 

(13.50-32.50) 

[31.50 (5.75)] a 

(28.50-34.25) 

[31.00 (14.75)] a 

(26.25-41.00) 

Creatinine (mg/dL) [0.22 (0.05)] 

(0.19-0.24) 

[0.24 (0.05)] 

(0.22-0.27) 

[0.24 (0.03)] 

(0.24-0.27) 

[0.24 (0.07)] 

(0.20-0.27) 

Cystatin C (ng/mL) [0.37 (0.36)] 

(0.23-0.58) 

[0.54 (0.43)] 

(0.34-0.77) 

[1.75 (1.64)] a,b 

(0.87-2.51) 

[0.79 (1.46)] 

(0.43-1.90) 

ACE2 (ng/mL) [0.34 (1.32)] 

(0.17-1.49) 

[0.44 (0.55)] 

(0.18-0.73) 

[1.34 (1.81)] 

(0.34-2.17) 

[1.14 (1.43)] 

(0.48-1.90) 

Sodium (mEq/L) [140 (6.0)] 

(138-144) 

[125 (23)] 

(122-145) 

[138 (27)] 

(122-149) 

[137 (15.8)] 

(131-147) 

Potassium (mEq/L) [5.90 (0.52)] 

(5.68-6.20) 

[9.60 (6.90)] 

(6.10-13.00) 

[6.10 (0.42)] 

(5.95-6.38) 

[6.40 (1.38)] 

(5.93-7.30) 

Chloride (mEq/L) [105 (3.8)] 

(103-107) 

[100 (17)] 

(92.00-109) 

[108 (39)] 

(82-121) 

[98 (14)] 

(92-106) 

T. Calcium (mg/dL) [10.10 (0.50)] 

(9.92-10.42) 

[9.80 (1.30)] 

(9.20-10.50) 

[10.10 (0.72)] 

(9.85-10.57) 

[10.20 (0.75)] 

(9.97-10.72) 

Magnesium (mg/dL) [2.01 (0.14)] 

(1.91-2.04) 

[2.02 (0.88)] 

(1.82-2.70) 

[2.14 (0.53)] 

(1.97-2.49) 

[2.02 (0.48)] 

(1.79-2.28) 

Iron (µg/dL) [185 (76)] 

(165-246) 

[190 (130)] 

(116-246) 

[214 (85)] 

(171-256) 

[154 (80)] c 

(93-172) 

GSSG (µM) [15.3 (5.2)] 

(13.5-18.3) 

[18.6 (2.73)] 

(16.97-19.70) 

[19.2 (8.5)] 

(15-23.5) 

[11.5 (4.50)] b,c 

(11.3-15.8) 

TGSH (µM) [18.2 (5.6)] 

(15.8-21.4) 

[23.2 (4.9)] 

(20.3-25.3) 

[22 (9.07)] 

(17.3-26.4) 

[15.3 (6.5)] b 

(13.6-20) 

GSSG/TGSH  [0.85 (0.10)] 

(0.79-0.88) 

[0.79 (0.09)] 

(0.76-0.85) 

[0.88 (0.09)] b 

(0.85-0.94) 

[0.80 (0.12)] c 

(0.74-0.86) 

Results were given as “[Median (IQR)] and 25th-75th percentiles”. P values according to ‘Mann Whitney U’ 

test. p<0.05 was accepted statistically significant according to a: Control; b: LTEA; c: DM. 

BUN: Blood urea nitrogen; ACE2: Angiotensin-converting enzyme 2; GSSG: Oxidized glutathione; TGSH: 

Total glutathione. 

The levels of ACE2 in serum (Table 10) and kidney tissues (Figure 11) in DM group 

were higher insignificantly than SHAM group (p=0.177 and p=0.310, respectively). LTEA 
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treatment was not effective to change ACE2 levels in both serum and kidneys of rats with 

and without DM (p>0.05).   

Sodium, potassium, chloride, calcium and magnesium levels were not statistically 

different in study groups (p<0.05). But iron levels showed differences. Borderline 

insignificant higher levels (p=0.093) was observed in DM group than SHAM group. LTEA 

treatment decreased iron levels significantly in diabetic rats (DM+LTEA group vs DM 

group, p<0.05) (Table 6). 

According to the assessment of glutathione levels, serum GSSG and TGSH levels 

were slightly higher in the DM groups than in the SHAM group (p>0.05). LTEA treatment 

of diabetic rats significantly decreased serum GSSG levels and GSSG/TGSH ratio (p<0.05) 

(Table 6). When the kidney tissues of DM and SHAM groups were compared, we observed 

an increase in GSSG levels and GSSG/TGSH ratio, but only the difference in GSSG levels 

was significant (p<0.05). LTEA treatment increased GSSG levels and GSSG/TGSH ratio in 

non-diabetic rats and TGSH in diabetic rats (Figure 12). 
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Figure 10. Kidney tissue cystatin C levels in the study groups 

 

 

Figure 11. Kidney tissue ACE2 levels in the study groups 
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Figure 12. Kidney tissue glutathione (A:GSSG; B:TGSH; C:GSSG/TGSH) levels in the 

study groups 
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4.3. Histopathological Results 

In sham group, normal tubule and glomerular structures were determined in the renal 

cortex. Rarely, mild vacuolization was observed in 1-2 tubular epithelial cells (Picture 1a). 

In LTEA group, although a normal histological structure of the renal cortex and medulla 

were detected, vacuolization and degeneration were detected in mild tubule epithelial cells 

in a few places (Picture 1b). On the other hand, in DM group, moderate and severe dilatation 

in the Bowman's space, shrinkage in the glomerular structure, vacuolization in the tubular 

epithelial cells, degeneration in the tubular epithelial cells, and intertubular vasocongestion 

were observed in the renal cortex. In addition, mild hyaline deposition was seen in the 

intertubular area (Picture 1c). However, vasocongestion in the renal cortex was significantly 

decreased in DM+LTEA group. Vacuolization and degeneration of tubular epithelial cells 

were mild and occasionally moderate. The glomerular structure was close to normal (Picture 

1d).   

As seen in Figure 13 and Table 7 that show damage scores, the kidney was severely 

damaged in DM group (p<0.05). However, DM+LTEA group showed significantly 

decreased damage with respect to DM group.  

 

Figure 13. Total damage scores of kidney tissues in the study groups 
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Table 7. The histological damage scores of kidney tissues in the study groups 

 Rat No SHAM LTEA DM DM+LTEA 
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1 0 1 3 1 
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3 1 0 2 1 

4 0 0 3 2 

5 1 1 2 1 

6 1 0 3 1 

Score 0: no damage; 1: mild=<25% damage, focal and mild changes; 2: moderate=25-50% damage, 

multifocal, significant changes; 3: severe= >50% damage, diffuse changes. 

 

 

 



37 

 

5. DISCUSSION 

In this study, we evaluated the effects of oral LTEA administration on kidney 

function-related parameters including, cystatin C, ACE2, and electrolytes in NA/STZ- 

induced diabetic rats. 

In our study, it was decided to intragastric administration of LTEA at 200 mg/kg/day 

for 28 days, considering some studies. 28-day treatments of various active agents to STZ-

induced diabetic rodents have been identified in many literatures (99-102). Moreover, there 

are some researchers studying with 200 mg/kg LTEA (23, 103-106). LTEA is absorbed from 

the small intestine and reaches peak plasma level within 30 minutes after oral taking. The 

rat plasma concentrations of LTEA and ethylamine reached their highest levels at about 0.5 

and 2 h, respectively, after 200 mg LTEA administration (107). 

In our study, to create DM, a single dose of NA (120 mg/kg, in saline) and STZ (60 

mg/kg, in 0.1 M citrate buffer, pH=4.5) were given to animals, i.p. at 15 min intervals, 

respectively (108-110). STZ (a glucosamine derivative of nitrosourea) is an antibiotic widely 

used to create an experimental model of T1DM by causing pancreatic β-cell destruction 

(95,109). This agent enters beta cells via GLUT2, causes DNA damage through alkylation, 

induces cytotoxicity and autoimmunity, and ultimately leads to necrosis of these cells (111, 

112). In the presence of insulin deficiency in animals, pathological conditions such as 

hyperglycemia and polyuria may develop (95). Injection of NA prior to STZ partially 

protects β-cells from severe damage by STZ. This type of application is used to create the 

experimental T2DM model (95, 108). Because, this model shows the characteristics of 

human T2DM, accompanied by hyperglycemia and insulin deficiency (110). With the 

application of NA + STZ, inflammation increases and diabetes-related kidney damage 

develops (113). STZ has a short half-life and is eliminated by the kidney. In this stage, STZ 

can enter the renal cells also by GLUT2 and thereby can show its toxicity to the kidney 

(114). Hyperglycemia and its subsequent complications lead the kidneys to injury. Diabetic 

kidney disease mainly is seen as an end-stage renal disease (115). 

Increased glucose level was observed in diabetic rats (p<0.05) (Table 5). The reason 

for this was attributed to the inability of the cells to use glucose due to insulin deficiency 

resulting from β-cell damage by STZ (110-112). It was reported that glucose levels could 

remain high even 8 weeks after STZ injection (116). An insignificant effect of LTEA 

treatments on glucose levels was observed in diabetic and nondiabetic rats (p>0.05). 
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Kidney disease develops in a significant proportion of diabetic patients. Because the 

complications that develop with metabolic changes caused by diabetes cause glomerular 

dysfunction, tubulointerstitial inflammation, and ultimately fibrosis, thereby damaging the 

kidneys (117). 

There was no significant difference among the groups in terms of serum albumin 

levels (p>0.05) (Table 1). Whereas, the serum albumin level may reflect the eGFR values 

due to its filtration from the glomerular filtrate (41, 39). It was reported that serum albumin 

decreases but urinary albumin increases with STZ (116, 118). In normoalbuminemic 

conditions, renal function may also decrease but this condition may be seen in the decreased 

functions mainly in the early stages of diabetic kidney diseases (115). So far, we have not 

been able to find any study on the effect of LTEA on albumin levels in diabetics. 

Nevertheless, in one study, no statistically significant change in serum albumin level was 

observed in ducks supplemented with 300, 600, 900, and 1500 mg/kg LTEA for 28 days 

(119). On the other hand, a study reported the binding property of LTEA to albumin protein 

(120).  

In our study, we found increased serum BUN, creatinine, and cystatin C levels in 

diabetic rats, but, of them, creatinine was not significant (p>0.05).  It was stated that STZ 

induces diabetic nephropathy and causes to increase in serum BUN and creatinine levels and 

to decrease in creatinine clearance (121, 122). In addition, there are many studies that found 

high serum creatinine and urea levels in rats treated with NA+STZ (112, 113, 123-125). It 

has been reported that serum creatinine levels may decrease in diabetes due to decreased 

muscle mass, and low creatinine level poses a risk for T2DM (47, 126-129). Serum 

creatinine levels mainly reflect muscle mass as it is a primary metabolite of creatine, which 

is found in skeletal muscle (47, 130). Hyperglycemia causes muscle atrophy and reduces 

muscle mass (127). Bellomo et al. (128) reported that for creatinine to increase, half of the 

nephrons must be destroyed. These studies suggest that serum creatinine level may not be a 

good indicator of kidney damage in diabetes. On the other hand, cystatin C is accepted as a 

valid biomarker to estimate GFR and for kidney, dysfunctions than creatinine because of the 

fact that it is less affected by factors such as age and muscle mass (11, 50, 52). When the 

glomerular filtration rate decreases, serum cystatin C increases more rapidly than creatinine 

(38). Indeed, it has been reported that cystatin C levels are increased in diabetics (11, 50, 
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124, 131). However, Chen et al. (132) reported that serum cystatin C levels were low in 

T1DM patients with ketoacidosis and they attributed this result to acute events. 

We also studied the cystatin C levels in the kidney tissues, and we saw the increased 

levels in diabetic rats (Figure 10) but not statistically significant (p=0.180). In support of our 

findings, Bozkurt and Pektaş (133) did not find any significant change in kidney cystatin C 

levels in STZ-induced rats. Similarly, according to Omoboyowa et al. (134), STZ 

upregulated cystatin C genes, although not statistically significant.  

Oral administration of LTEA did not affect BUN and creatinine levels in diabetic and 

nondiabetic rats (Table 6). Altınkaynak et al. (18) found that LTEA was not effective 

compared to the sham group, but was effective in reducing BUN and creatinine levels in 

DOX-induced nephrotoxic rats. Similarly, Nagai et al. (94) expressed that LTEA improved 

creatinine clearance in DOX-induced rats. Malkoç et al. (17) determined that i.p. LTEA 

treatment decreased BUN and creatinine levels in rats with sepsis induced by cecal ligation 

and puncture (CLP). When we evaluated the LTEA effect on cystatin C values, we observed 

that it decreased serum levels in diabetic rats (Table 6). However, as with kidney tissue data 

(Figure 10), this was not statistically significant (p>0.05).  

RAAS has an important role in diabetic nephropathy. Its activation causes an increase 

that leads the inflammation and fibrosis in the kidney (135). ACE2 is a central enzyme in 

the RAAS system, which adjusts electrolytes balance, and blood pressure (136). It regulates 

RAAS activity negatively in renal tissues. This protein hydrolyzes Ang II to Ang (1-7) and 

thereby protects kidney tissues from oxidative stress inflammation, apoptosis, and fibrosis 

(84, 85, 135). This protein is mainly expressed in tubular epithelial cells but also in 

glomerular epithelial cells and in renal vasculature in kidneys (137).  

In our study, we found an insignificant increase (p>0.05, probably due to data range) 

in ACE2 levels in diabetic rats’ kidney tissues (p=0.310) and serum (0.177) (Figure 11 and 

Table 6, respectively). There are some supporting studies. Patel et al. (138) stated that ACE2 

expression and activity increased in the early stages of DM. Kajiwara et al.  (139) reported 

that ACE2 levels increased insignificantly in renal proximal tubular epithelial cells of kidney 

tissues in STZ-induced diabetic mice. They determined that increased levels of the adhesion 

molecules resulting from diabetic inflammation cause an accumulation of ACE2 in the 

kidneys. On the other hand, kidney ACE2 protein levels and enzymatic activity increased in 

STZ-induced mice (136). Lin et al. (85) found an increase in tubular ACE2 expression in 
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STZ-rats. They suggested this increase as a compensatory effect, which down-regulates Ang 

II activity in the kidney in early diabetic conditions. On the other hand, many studies showed 

a decrease in ACE2 levels in DM (135, 140). It was reported that the up-regulated ACE2 

expression is at the tubular level but down-regulated at the glomerular level in diabetics (84, 

137). It was noted that kidney ACE2 levels were especially decreased in longstanding DM 

(84). 

L-Theanine treatment did not significantly affect ACE2 levels in rats with and 

without DM (p>0.05) (Table 6 and Figure 10). As far as we searched, we could not come 

across any study that evaluates LTEA and ACE2 together. However, in a cell culture study, 

it was observed the suppressed effects of LTEA on Ang II-induced vascular smooth muscle 

cell (VSMC) migration and proliferation, by inhibiting Janus kinase/signal transducer and 

activators of transcription 3 (JAK/STAT3) pathway (141). The regulations of ACE2 activity 

and expression are important for the treatment of diabetic nephropathy (135). 

Kidneys regulate fluid and electrolyte balance and control blood pressure via RAAS 

(62).  Because of the osmotic property of glucose, in hyperglycemic conditions, water efflux 

from cells raises and so serum osmolality increases. Hence, electrolyte imbalance may be 

frequently seen in diabetics depending on impaired renal functions (61, 142, 143). In other 

words, hyperglycemia disturbs electrolyte balance due to its dilution effect (143). Therefore, 

we evaluate the serum electrolytes in our study groups (144).   

One of the major electrolytes in extracellular fluids, sodium regulates acid-base and 

maintains osmotic balance (142). Hyperglycemia can change plasma sodium concentration 

via a few mechanisms. Osmotically active glucose leads to water efflux from cells, thereby 

diluting serum and leading to low sodium levels (143). Moreover, hyporeninemic 

hypoaldosteronism in DM also causes hyponatremia (143). In hyperinsulinemic conditions, 

because of the disturbance of the water channels (aquaporins) in gastrointestinal systems, 

the increased absorption of water may cause to decrease in sodium levels (143). In 

hyperinsulinemic conditions, a high influx of water and glucose into the cell may increase 

sodium levels.  

We did not observe any significant difference in sodium levels among the groups. 

Contrary to our study, Chinaka et al. (145) found reduced sodium levels in HFD-STZ-

induced DM rats. On the other hand, Akpan et al. (146) found a significant increase in 

sodium levels in STZ-induced rats. In addition, Datchinamoorthi et al. (144) found high 
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sodium levels in patients with T2DM. Unlikely, Bohara et al. (142) found a significant 

decrease in sodium levels in T2DM patients. However, Santosh et al. (61) reported an 

insignificant difference in sodium levels in diabetics.  

In the present study, LTEA supplementation did not affect sodium levels (Table 6). 

It was reported that glutamate transport is affected by sodium gradient (147, 148). LTEA 

can compete with glutamate to bind the glutamate transporter due to its structural similarity 

(149). However, unchanged blood ACE2 levels, by LTEA treatment, support our 

insignificant effect on sodium levels. High sodium activates RAAS thereby decreasing 

ACE2 levels (84). Changing RAAS in DM may also change sodium levels in serum (61). 

Because, Ang II increases NaCl reabsorption (150). Not supporting our finding, Malkoç et 

al. (151) reported that LTEA increased sodium levels in septic rats. 

The role of potassium in insulin secretion is linked to the ATP-sensitive potassium 

(KATP) channel in islet cells. Hypokalemia and hyperglycemia are associated with the 

impairment of the potassium-sensitive insulin release in response to elevated glucose (152). 

Hypokalemia may impair insulin secretion and may cause hyperglycemia (143). On the other 

hand, insulin deficiency may cause hyperkalemia in T2DM (61).  Hyperglycemia attenuates 

the movement of water from the cells and tubular K+ secretion may diminish (153). A study 

expressed that a high potassium diet may lead to the upregulation of ACE2 protein 

expression in kidneys (153). From the other point of view, the other study reported that 

ACE2 levels in kidneys might be attenuated by a high potassium diet (154).  

We did not find any significant difference in terms of potassium levels among groups 

(Table 6). Supportingly, Akpan et al. (146) did not find any significant change in potassium 

levels in STZ-induced rats. Nevertheless, Chinaka et al. (145) found reduced potassium 

levels in HFD-STZ-induced DM rats. On the contrary, some studies determined high 

potassium levels in diabetics (61, 142, 144).  

Although insignificant statistically (p=0.093), the slightly higher potassium level in 

the LTEA group compared to the sham group may be due to glutamate. Because, glutamate 

transporting is affected by extracellular potassium levels (148). 

Chloride is the major extracellular anion to maintain the acid-base balance. Chloride 

plays a role in the regulation of RAAS (65). It was reported that chloride binds ACE2 in two 

different binding sites (136). We did not detect any difference in terms of serum chloride 

levels among the study groups. However, Chinaka et al. (145) found reduced chloride levels 
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in HFD-STZ-induced DM rats. Datchinamoorthi et al. (144) found high chloride levels in 

T2DM patients. Bohara et al. (142) reported an elevated level of chloride in T2DM patients. 

Calcium functions in glucose homeostasis because of its role in insulin secretion from 

pancreatic β-cells, and in insulin resistance (74). With this aspect, hyperglycemia is 

associated with hypocalcemia (70). In diabetic nephropathy, hypocalcemia may be seen 

(143). Hyperphosphatemia develops as a result of decreased phosphate excretion due to 

acute renal failure in patients with DM. In this case, phosphate can bind calcium, leading to 

hypocalcemia (74). Hypomagnesemia can be the cause of hypocalcemia depending on the 

impairment of parathyroid hormone (PTH) action in bone and renal cells (74, 143). In 

hyperparathyroidic diabetic patients, hypercalcemia may be observed. In insulin deficiency, 

hypercalcemia may result from bone demineralization (143).   

We did not perceive any significant change in terms of calcium levels among groups 

(Table 6). There are some studies on DM that support our results (121, 155-157). In addition, 

Malkoç et al. (151) noted that LTEA treatment did not affect serum calcium levels in septic 

rats. 

Approximately 70% of circulating magnesium is filtered by the glomerulus and 90% 

is reabsorbed. Therefore, the kidney is crucial and elementary for the maintenance of 

circulating Mg2+ levels (158). Magnesium has many functions including the maintenance of 

energy homeostasis, the movement of glucose into the cell, the metabolism and stability of 

organic molecules, the synthesis of protein and nucleic acids, the regulation of hormones, 

and the functioning of nervous and immune systems (70, 71, 159, 160). Moreover, it needs 

for GSH synthesis and upregulates some antioxidant proteins like glutathione peroxidase. It 

is involved also in the cellular activity of insulin (70) and has a role in the 

autophosphorylation of insulin receptors (160). 

In our study, diabetic conditions did not affect magnesium levels significantly (Table 

6). However, many studies reported hypomagnesemia in DM (159, 161-164). In 

hypomagnesemia, cellular defense against oxidative stress decreases, and the risk factors for 

cardiovascular diseases and diabetes increase (70). 

Magnesium is a glutamate receptor (NMDA) antagonist but GABA agonist, and 

regulates sleep quality similarly to LTEA (165). Magnesium inhibits glutamate NMDA 

receptor voltage-dependently (166). We could not find any significant effect of LTEA on 

magnesium levels. 
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Although iron is indispensable for life, its level must be controlled because of its 

potential for the production of ROS (76, 167). Therefore, an increase in iron level can also 

cause kidney damage by increasing oxidative stress, inflammation, and ferroptosis (76). 

Excess iron modulates the gene expression in β-cells and leads to pancreatic cell dysfunction.  

We found insignificant increased iron levels in DM. Similarly, Zhang et al. (168) 

reported increased serum iron levels in STZ-induced rats and in patients with T2DM. Jelena 

et al. (169) observed an increase in free iron in rat serum 4 weeks after STZ induction. 

Özçelik et al. (170) determined high iron levels but low magnesium levels in the kidney 

tissues of STZ-rats. On the other hand, renal diseases can affect systemic iron homeostasis. 

These disorders may decrease serum iron by increasing urinary iron excretion (76). Wollide 

et al. (171) reported that serum Mg2+, Fe3+, and ferritin levels decreased but Ca2+ did not 

significant in patients with T2DM.  

LTEA treatment decreased iron levels only in diabetic rats. No study was found on 

the effect of LTEA on iron levels. However, there are many studies showing that tea 

consumption causes iron deficiency (172-176). Along with other phytochelators in tea, 

LTEA may contribute to this type of chelation. Because, LTEA is structurally similar to 

glutamate amino acid (18). It is hydrolyzed to glutamic and ethylamine by phosphate-

independent glutaminase in the kidney (89, 177). Phosphate-independent glutaminase 

activity (γ-glutamyltranspeptidase) activity increases with metabolic acidosis as observed in 

DM (178, 179).  Glutamate or glutamic acid has the ability to chelate iron (167, 180). Metal 

ligands and chelators, and molecules that regulate the absorption or excretion of iron, have 

an important place in the treatment of diseases (167). Iron chelators can be used to form iron 

complexes and transport excess iron (in other words, toxic iron) from cells (181). 

Considering these pieces of information, it can be said that LTEA may decrease the serum 

iron level by increasing the excretion of iron via glutamate (increased glutaminase activity 

in the kidney in diabetes) chelation indirectly, or via LTEA chelation (with its glutamate-

like structure) directly.  

Plasma (insignificant) and kidney (significant) GSSG levels increased in the DM 

group (Table 6, Figure 12). On the other hand, the changes in TGSH levels in plasma and 

kidney tissues were not statistically significant. Oxidized or disulfide form of glutathione 

(GSSG) reflects oxidative stress. Decreased antioxidant and increased oxidative stress in 

diabetes contributes to the progression of DM. Increased GSSG levels can also cause the 
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glutathionylation of proteins (modify proteins) (182). Elevated GSSG and decreased GSH 

levels were reported in DM by many researchers (182-185).   

L-Theanine treatment showed an increase in both TGSH and GSSG levels in normal 

kidney tissue (Figure 12). However, when diabetic rats were treated with LTEA, a decrease 

in plasma levels of both parameters was determined (Table 6). This difference in plasma 

values may be due to the effects of LTEA on non-renal tissues. There is also some literature 

supporting the findings of our study (17, 18).  

In our DM group, kidney dilatation in the Bowman's space, glomerular shrinkage, 

vacuolization and degeneration in the tubular epithelial cells, intertubular vasocongestion, 

and mild hyaline deposition were observed (Pictures 1c). Hyperglycemia damages 

glomerular and tubular endothelial cells. Bowman capsule thickening and tubular cell 

vacuolization are the characteristics of diabetic kidney diseases (186). Supporting our 

findings, in a study, increased diameters of glomerulus tubules and a decreased number of 

glomeruli were observed in STZ-DM rats (187). LTEA treatment alleviated vasocongestion, 

vacuolization, and degeneration in diabetic rats and almost normalize morphological 

architecture in glomerular structure (Picture 1d).  Supportingly, there are a few studies 

showing that LTEA contributed to the normalization of pathological kidney morphology 

(17, 18). 

In conclusion, LTEA treatment alleviates DM-related pathological conditions in the 

kidney tissues of rats. In addition to histological changes, the main effects of LTEA were 

seen in serum cystatin C and iron levels. The effect on the iron level in diabetics may be an 

issue that should be addressed for further studies, not only in terms of kidneys but also in 

terms of other tissues. In this respect, it would be appropriate to conduct research on its 

effects on humans. 
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