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1. List of abbreviations 

DM    Diabetes mellitus 

STZ    Streptozotocin 

OTC    Over the counter 

ROS    Reactive oxygen species 

RNS    Reactive nitrogen species 

GLUT2  Glucose transport protein 2 

DNA    Deoxyribonucleic acid  

ATP    Adenosine triphosphate 

NAD+   Nicotinamide adenine dinucleotide 

PTP 1B   Protein-tyrosine Phosphatase 1B 

H2O2    Hydrogen peroxide 

NADPH   Nicotinamide adenine dinucleotide phosphate hydrogen 

GAPDH   Glyceraldehyde-3-P dehydrogenase 

PARP-1   Poly-ADP-ribose polymerase-1 

DAG    Diacylglycerol 

PKC    Protein kinase C 

AGEs    Advanced glycation end-products 

SOD    Superoxide dismutase 

•OH    Hydroxyl radical  

HNE    4-Hydroxy-2-nonenal  

MDA    Malondialdehyde 

TBARS   Thiobarbituric acid reactive substances 

L•    Lipid radicals 

LOO•    Lipid peroxyl radicals 

LOOH   Lipid hydroperoxide 

LO•    Lipid alkoxyl radical 

4-HHE   4-Hydroxy-2-hexenal 

DNPH   2,4-Dinitrophenyl-hydrazine 

MCO    Metal-catalyzed oxidation 

O2•    Superoxide radical 

AAS    -Aminoadipic semialdehyde 

GGS    -Glutamic semialdehyde 
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ONE    4-Oxo-2-nonenal 

3-DG    3-Deoxyglucosone 

MGO    Methylglyoxal 

ABA    p-Aminobenzoic acid 

8-OHdG   8-Hydroxydeoxyguanosine 

8-oxo-dGuo   8-Oxo-deoxyguanosine 

NF-kB   Nuclear factor kappa B 

AP-1    Activator protein 1 

GSH    Reduced glutathione 

UVB    Ultraviolet-B 

PCR    Polymerase chain reaction 

PMN    Polymorpho-nuclear leukocytes 

IBP    Ibuprofen 

NSAIDs   Non-steroidal anti-inflammatory drugs 

IUPAC   International Union of Pure and Applied Chemistry 

GIT    Gastrointestinal tract 

CYP    Cytochrome P450 

1-OH-IBP   1- Hydroxyibuprofen 

2-OH-IBP   2- Hydroxyibuprofen 

3-OH-IBP   3- Hydroxyibuprofen 

HOOC-IBP   Carboxylic acid metabolite of ibuprofen 

IBP-GLU   Ibuprofen-β-D-glucuronide 

IBP-TAU   Ibuprofen taurate 

IBP-CoA   Ibuprofen-coenzyme A thioester 

UGTs    UDP-glucuronosyltransferases 

COX    Cyclooxygenase 

PGE2    Prostaglandin E2 

TxA2    Thromboxane A2 

DTNB   5,5′-Dithiobis-(2-nitrobenzoic acid) (Ellman's reagent) 

CuSO4•5H2O   Copper(II) sulfate pentahydrate 

KNaC4H4O6•4H2O  Sodium potassium tartrate tetrahydrate 

KCl    Potassium chloride 

TCA    Trichloroacetic acid 

NaCl    Sodium chloride 

https://pubchem.ncbi.nlm.nih.gov/compound/thromboxane%20A2
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EDTA    Ethylenediaminetetraacetic acid disodium  

NaOH    Sodium hydroxide 

CH3COOH   Glacial acetic acid 

TBA    Thiobarbituric acid 

SDS    Sodium dodecyl sulfate 

BSA    Bovine serum albumin 

MeOH   Methanol 

EtOH    Ethanol 

EtOAc   Ethyl acetate 

BHT    Butylated hydroxytoluene 

NAP    Naproxen sodium 

SA    Salicylic acid 

HPLC    High performance liquid chromatography 

LC-MS   Liquid chromatography-mass spectrometry 

ACN    Acetonitrile 

X-OH-IBP   Hydroxylated ibuprofen  

OH-IBP-OH   Dihydroxyibuprofen 

X-OH-IBP-GLU  Hydroxyibuprofen-glucuronide  

(S)-IBP   S(+)-ibuprofen 

(R)-IBP  R(-)-ibuprofen 

T1DM   Type-1 diabetes mellitus 

GSSG    Glutathione disulfide 

P-gp    P-glycoprotein 

OAT    Organic anion transporter 

ECCS    Extended clearance classification system 

MDR    Multiple drug resistance 

BCRP    Breast Cancer Resistant Protein 

Phe    Phenylalanine 

p-Tyr    Para-tyrosine 

m-Tyr    Meta-tyrosine 

o-Tyr    Ortho-tyrosine 

DOPA   Dihydroxy-phenylalanine 

RSD    Relative standard deviation 

SD    Standard deviation  
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2. Introduction 

Diabetes mellitus (DM) is a common disease with a complex metabolic and endocrine 

system influencing a large proportion of the global population. The prevalence rate of diabetes 

keeps increasing, estimated to reach 10.2% in 2030 (1). DM is described by high blood glucose 

levels because of insufficient action and secretion of insulin from beta-cells of the pancreas. 

Hyperglycemia is considered a source of the development of diabetic complications via altering 

a variety of signaling pathways, leading to the induction of reactive oxygen species, oxidative 

stress, and cell death (2). A high rate of reactive oxygen species generated from the inducted 

oxidative stress will contribute to the pathogenesis of diabetic patients (3, 4). In fact, in the 

absence of an appropriate response from endogenous antioxidant mechanisms, the redox 

imbalance causes the activation of stress-sensitive intracellular signaling pathways. The redox 

imbalance promotes the induction of diabetic mechanisms; cellular insulin resistance, and 

impaired insulin secretion or beta-cells dysfunction (3). The high dominant diabetic vascular 

complications are retinopathy, neuropathy, and nephropathy leading to several common health 

disorders and death. 

In addition, besides their insulin injection and/or consumption of diabetic medications, 

patients are supposed to use a variety of other medicines. However, how and to what degree 

diabetes affects the metabolism of drugs has not been well studied. Pathophysiological changes 

during diabetes can affect various drugs' absorption, distribution, metabolism, and excretion. In 

the first comprehensive review of the field, Gwilt et al. concluded that further clinical studies 

are warranted to explain the variability in observed data and to understand the mechanisms 

behind diabetes-mediated changes (5). However, previous studies have provided inconsistent 

data for multiple drugs, possibly due to variations in patient characteristics or control of 

patients’ diabetes at the time of data collection (5-8). 

Therefore, research on the effect of hyperglycemia using experimental animals is of great 

importance in better understanding the changes in the fate of drugs in diabetic individuals. 

Streptozoticin (STZ) induced hyperglycemia in the rat is a frequently used animal model for 

such investigations [7]. There have been a series of previous investigations in the Institute of 

Pharmaceutical Chemistry studying the effect of experimental hyperglycemia on the 

pharmacokinetics of various xenobiotics [110-112]. As a continuation of these previous studies, 

the present work aims to investigate the change in the pharmacokinetics (metabolism and 

elimination) of ibuprofen, a widely used non-steroid anti-inflammatory drug. Furthermore, 
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chemical characterization of oxidative damage of lipids, proteins, and selected peptides 

(glutathione) and amino acids (phenylalanine) was to be performed under our regularly used 

animal model. The research also seeks information on whether oxidized ibuprofen metabolites 

could indicate oxidative stress in the small intestine and the liver. 

 

2.1. Experimental diabetes and oxidative stress 

Oxidative stress is an imbalance in the production of reactive oxygen species (ROS) and 

defenses of antioxidant systems followed by high potential harmful impacts. ROS are highly 

reactive chemicals that hold unpaired electrons. ROS are generated from biochemical reactions 

of normal cell physiology and cell defense as unneglectable byproducts that may damage tissues 

due to their unpaired electrons (9). Intracellular organelles, like mitochondria, peroxisomes, 

and endoplasmic reticulum, utilize high oxygen proportion in their regular duties, and thus they 

have a significant role in their endogenous source generation (10). As a result of their instability 

and high reactivity, they can impair the stability of adjacent molecules. This develops a spoiling 

chain reaction terminated with tissue damage (10). This destruction comes from excess 

production of both ROS and RNS compared to the shortage of antioxidant molecules, enzymatic 

and non-enzymatic, leading to oxidative stress and nitrosative stress. These reactive species can 

react with sensitive endogenous and exogenous molecules to form characteristic products. ROS 

target the dominant biomolecules like proteins, lipids, and nucleic acids by impairing their 

structural integrity to initiate and/or advocate many common human diseases (10). The toxic 

effects of these oxygen species increase when trace iron is present since iron can catalyze the 

formation of hydroxyl radicals (Fenton reaction) (Figure 1). Therefore, the importance of non-

enzymatic oxidation can be particularly significant under inflammatory conditions and any 

other ones under which elevated ROS are formed (11, 12). The most reactive species are 

hydroxy radicals that attack various biological molecules, although they have a short life span. 

Superoxide radicals are less reactive than hydroxyl radicals, but they have a significant role in 

generating hydroxyl radicals and hydrogen peroxide (9, 13). 
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Figure 1. Generation and elimination of reactive oxygen species (ROS) with the Fenton 

reaction (14). 

 

Hyperglycemia brings oxidative stress via generating a higher rate of reactive oxygen 

species contributing to the pathogenesis of diabetes from several modes of cell death causation 

(3, 15). Antioxidant defenses in diabetes are insufficient and not well-matched with the redox 

imbalance, leading to further development of oxidative stress. Hyperglycemia and oxidative 

stress are considered the primary sources in the pathogenesis of diabetic complications. In 

addition, oxidative stress plays a significant role in the onset of diabetes, cellular insulin 

resistance, and impairment of insulin secretion (16). 

The induction of hyperglycemia is usually accountable as experimental diabetes to 

investigate unfavorable diabetic outcomes. Streptozotocin (STZ) and alloxan are the most 

utilized substances in diabetic research (17). Both agents have a similar structure and chemical 

properties to the glucose molecule. (As a matter of fact, streptozotocin is a glucose derivative.) 

Therefore, they are acceptable to cellular transport via the glucose transport protein (GLUT2). 

This transport protein is present in pancreatic beta cells, which clarifies the mechanisms of the 

toxicity of alloxan and STZ. Cellular toxicity comes through generating ROS but with a 

different means of oxidative stress (17, 18). 
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2.1.1. Mechanism of action of streptozotocin 

Streptozotocin is a broad-spectrum antibiotic derived from the bacteria of Streptomyces 

achromogenes. STZ targets a group of membrane proteins on pancreatic β-cells (19). After 

cellular influx via GLUT2, streptozotocin (N-(methylnitrosocarbamoyl)-α-D-glucosamine) 

will be metabolized into a methylnitrosourea (N-nitroso-N-methylurea) and a glucose moiety. 

Methylnitrosourea is an alkylating agent that causes DNA alkylation or damage and then 

activation of poly-ADP ribosylation. As a result, poly ADP-ribosylation yields reduction of 

ATP and NAD+, then the destruction of beta-cells, and finally, the insulin-dependent type of 

diabetes (Figure 2). STZ is also a source of ATP dephosphorylation and boosts xanthine oxidase 

activity, which leads to superoxide radicals, hydrogen peroxides, and hydroxyl radicals. In the 

end, beta-cell damage will happen because of oxidative stress formation. Furthermore, by 

releasing nitric oxides, streptozotocin precludes the action of aconitase, joining the process of 

DNA and beta-cell damage (17, 20). While GLUT2 is present in the liver and kidney but with 

a lower proportion than β-cells. The liver metabolism of STZ is rapid, has a short half-life, and 

has fast elimination through urine. Consequently, STZ toxicity in the liver and kidney can count 

due to continuous hyperglycemia (21, 22). 

 

 

Figure 2. Partial destruction of β-cell and hyperglycemia derived from streptozotocin induction 

(22). 
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2.2. Hyperglycemia and oxidative stress 

Investigations are shown the existence of a connotation between hyperglycemia and 

oxidative stress (4). Hyperglycemia enhances the production number of reactive oxygen species 

and reduces antioxidant defense activities (23). The enzymatic source of ROS formation is 

enzymes of the mitochondrial respiratory chain, xanthine oxidases, cyclooxygenases, 

lipoxygenases, peroxidases, and nitric oxide synthases (2, 14). Because the insufficient 

antioxidant system and not compatible with the redox imbalance leads to further development 

of oxidative stress. Together, hyperglycemia and oxidative stress participate in the onset of 

diabetes and are considered the source of the pathogenesis of diabetic complications (3, 16). 

Hyperglycemia upsets the ordinary mitochondria and non-mitochondrial ancestries via 

metabolic disorders to generate extra superoxide production. This step triggers many long 

oxidative stress pathways causing diabetic complications (4, 10). Reactive oxygen species 

(ROS) have a physiological role at low dosage (24) in insulin signaling via inhibiting one of 

the phosphatase action pathways, PTP 1B. This results in H₂O₂ formation from NADPH oxidase 

once insulin binds to the receptor, and hydrogen peroxide prevents dephosphorylation and 

keeps tyrosine phosphorylation (25, 26). 

Several metabolic and signaling pathways are proposed to promote oxidative stress, 

oxidative damage, and diabetic complications in diabetes, generally correlating to the 

metabolism of glucose and lipids. In addition, extramitochondrial production of superoxide is 

central to these metabolic mechanisms and the development of disease complications. The 

proposed pathways are glucose oxidation, glyceraldehyde-3-P dehydrogenase (GAPDH) or 

(PARP) pathway, polyol pathway, hexosamine pathway, diacylglycerol (DAG) formation, and 

protein kinase C (PKC) activation, glyceraldehyde autoxidation, advanced glycation end-

products (AGEs), and stress-sensitive signaling pathways (4, 16, 23). 

As a primary suggested mechanism, glucose oxidation raises the level of reactive 

oxygen species. Glucose is oxidized to a reactive intermediate (enediol radical) in a transition 

metal-dependent reaction and converted to ketoaldehyde with superoxide emission. Superoxide 

is converted to hydrogen peroxide (H₂O₂) via the action of superoxide dismutase (SOD). H₂O₂ 

can be converted, in the presence of transition metals, to a highly reactive oxidative radical 

named hydroxyl radical (•OH) (27, 28). Moreover, the reaction of nitric oxide with superoxide 

generates reactive peroxynitrite radicals (29, 30). 



11 

 

In the process of glycolysis, glucose is oxidized to produce energy. Glucose is converted 

to glucose-6-phosphate, fructose-6-phosphate, and glyceraldehyde-3-phosphate. Then this 

product is extra phosphorylated by GAPDH and ends up with pyruvate to enter the Krebs cycle 

and mitochondrial metabolism. Hyperglycemia enhances mitochondria to generate superoxide 

radicals disturbing the pathway by inactivating the enzyme activity of GAPDH (31, 32). Poly-

ADP-ribose polymerase-1 (PARP-1), a DNA repair and apoptosis enzyme, is activated due to 

ROS causing DNA strand breaks. By poly-ADP-ribosylation, PARP-1 inhibits glyceraldehyde-

3-phosphate dehydrogenase leading to the accumulation of glyceraldehyde 3-phosphate 

intracellularly (33). Two signaling pathways are activated by these high levels of 

glyceraldehyde-3-phosphate; namely, advanced glycation end-products (AGEs) and 

diacylglycerol (DAG) formation generating PKC activation (Figure 3). Further accumulation 

of glycolytic metabolites increases fructose 6-phosphate and activates the hexosamine pathway. 

At the last stage, the glucose level increases, leading to activation of the polyol pathway and 

NADPH consumption. All the above processes result from the inhibition of GAPDH (4). 

 

 

Figure 3. Oxidative stress-related pathways derived from glucose metabolism (16). 
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2.3. Oxidative damage to lipids 

ROS promote diabetic complications due to their damaging impacts on cellular 

macromolecules such as lipids, proteins, and DNA (29). Consequently, oxidative stress is 

mediated in pathophysiological conditions like diabetes mellitus, cancer, and rheumatoid 

arthritis (34). It is well established that lipids of the cell membrane containing polyunsaturated 

fatty acids having double bonds are highly susceptible to free radical attacks (35). Lipid 

peroxidation is a valuable research area related to ROS and oxidative stress and is considered a 

biomarker of oxidative stress in experimental studies (36). 4-Hydroxy-2-nonenal (HNE) and 

malondialdehyde (MDA) are the two main harmful lipid peroxidation products. They are very 

useful biomarkers to determine the extent of the peroxidation process of the lipids, particularly 

the reaction of MDA with thiobarbituric acid (37). The conjugated diene products are also 

employed as a biomarker for assessing lipid peroxidation, which is critical in the 

pathophysiology of several disease conditions (38, 39). 

The process of lipid peroxidation is classified into three main steps; initiation, 

propagation, and termination (40). As a result of the combination of hyperglycemia and 

oxidative stress conditions, free radicals are further distributed with the susceptibility to 

forming different forms of ROS; superoxide radicals, hydrogen radicals, and hydroxyl radicals. 

ROS, particularly hydroxyl radicals (•OH), can abstract allylic hydrogen of the methylene 

group of polyunsaturated lipids to form lipid radicals (L•). This stable radical undergoes a 

molecular rearrangement, resulting in conjugated diene formation. Conjugated diene is a 

hydrocarbon chain containing two double bonds parted with a single bond (38, 41). The formed 

radicals are ready to react with molecular oxygen and form lipid peroxyl radicals (LOO•). Lipid 

peroxyl radicals can abstract a hydrogen atom from another polyunsaturated fatty acid to 

generate lipid hydroperoxide (LOOH) and a new lipid radical (L•) (Figure 4) (40, 42). While 

reduced metals, like Fe2+, can react with LOOH to form lipid alkoxyl radical (LO•) (Fenton-

type reaction). Lipid peroxyl radicals (LOO•) and alkoxyl radicals (LO•) induce a continuous 

chain reaction of lipid peroxidation (43, 44). 

Peroxidation deteriorates cellular membrane integrity, membrane permeability and 

fluidity, ion transport modulations, and suppression of metabolic processes (45). It produces 

several low molecular weight carbonyl compounds due to the degradation of the formed lipid 

hydroperoxides (46). Reduced metals and vitamin C breaks down LOOH into reactive aldehyde 

products such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (HNE), 4-hydroxy-2-hexenal 
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(4-HHE), and acrolein (47-50). Aldehyde byproducts are reactive and may cause several 

undesired health conditions, while some have a carcinogenic capability. Their measurement is 

challenging in biological tissue samples due to instability. Therefore, aldehyde products require 

derivatization techniques; for this purpose, 2,4-dinitrophenylhydrazine (DNPH) is generally 

used in their analysis. 

 

 

Figure 4. The mechanism of lipid peroxidation with the exhibition of its three main steps; 

initiation, propagation, and termination (51). 

 

2.4. Oxidative damage to proteins 

The structure and activity of proteins are susceptible to many post-translational 

modifications such as phosphorylation, methylation, acetylation, oxidation, etc. In addition, 

proteins can be modified by several reactive physiological byproducts such as free radicals like 

ROS, reactive aldehydes from peroxidation, and glycation. After protein biosynthesis, these 

structural modifications can change the biological activities of proteins. The main characteristic 

of oxidized proteins is the proposed amino acid side chains with a carbonyl group. The process 

is known as protein carbonylation. These changes are considered irreversible modifications, 

possibly inducing polypeptide conformational variations with a lack of biological actions. As a 

biomarker, the carbonyl content is commonly measured to assess the degree of protein 

oxidation. The deficiency of the antioxidant system against the increasing number of reactive 
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radicals augments the environment of oxidative stress and then turns into the oxidative 

alteration of proteins (52-54). 

The first and significant mechanism proposed for induction of protein carbonylation and 

oxidative impairment, scientifically supported, is metal-catalyzed oxidation (MCO) (55, 56). In 

this mechanism, the oxygen molecule is reduced through an electron donor system to 

superoxide radicals (O2•) and then to the accumulation of hydrogen peroxide (H2O2). As well 

as, trace metal (Fe3+ or Cu2+) is reduced by reacting with superoxide. The reduced metal ion 

binds to the specific binding site on the protein. The transition metal ion via the Fenton reaction 

reacts with hydrogen peroxide (H2O2), followed by the generation of hydroxyl radicals (•OH) 

and oxidized metals. Oxidized protein modification will mainly occur because (•OH) reacts 

with the amino acid side chains, forming aldehydes or ketones (Figure 5). This is the reason for 

protein spoilage and loss of action (52). -aminoadipic semialdehyde (AAS) and -glutamic 

semialdehyde (GGS) are carbonyl products that are dominantly deriving from lysine, arginine, 

and proline, respectively, as a result of protein oxidation (57, 58). 

 

 

Figure 5. Protein carbonylation by the mechanism of metal-catalyzed oxidation (MCO). The 

mechanism steps are highlighted; reduction of trace metals (1) and their binding to the protein 

(2), the reaction of H2O2 with reduced metals (3), oxidation of metal ions with •OH formation 

(4), •OH attack and aldehydes/ketones formation (5) (59). 

 

Protein carbonylation can occur from additional proposed mechanisms, such as lipid 

peroxidation and glycation reactions. Reactive aldehydes of the lipid peroxidation (like 4-

hydroxy-2-nonenal (HNE), malondialdehyde (MDA), 4-oxo-2-nonenal (ONE), acrolein, and 

glyoxal), formed from oxidative stress, can also react with the amino acid side chains. They 

react with proteins via Schiff base formation or Michael reaction (52, 60). Glycation, through 

non-enzymatic reactions, may generate protein carbonylation. This proceeds by nucleophilic 

addition of carbonyl groups of reducing sugars to the amino acid side chains. The reaction leads 
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to form reversible Schiff bases and Amadori products via structural rearrangements. The 

number of this product is associated with an increase in the quantity of sugars. Under continuous 

oxidative stress conditions, new highly reactive compounds named α-dicarbonyls are generated 

from Amadori products such as 3-deoxyglucosone (3-DG), glyoxal, and methylglyoxal (MGO). 

Alpha-dicarbonyls products can bind to amino acid residues of proteins like lysine and arginine 

and alters them into irreversible adducts known as advanced glycation end products (AGEs) 

(61, 62). AGEs impair post-translational proteins' physiological functions besides interfering 

with their receptor and enzymatic activities (63). In addition, α-dicarbonyl products can able to 

deaminate the -amino group of lysine through a metal-catalyzed reaction and generate -

aminoadipic semialdehyde (AAS) (52, 64). 

Several analytical methods are available to determine the number of carbonylated proteins, 

such as the derivatization method with 2,4-dinitrophenylhydrazine (DNPH), biotin hydrazide, 

and p-aminobenzoic acid (ABA), and immunochemical detection. The most commonly applied 

analytical approach in determining protein carbonylation is the DNPH derivatization method to 

assess the oxidized proteins. 

 

2.5. Oxidative damage to nucleic acids (DNA) 

Additional cellular biomolecules exposed to ROS and oxidative stress are DNA. This 

initiates several DNA lesions, such as oxidized bases, DNA strand breaks, and the formation of 

cross-links between DNA and proteins. Hydroxyl radicals are highly reactive species most 

commonly formed in biological Fenton-type reactions, damaging DNA (65). Position-8 of 

guanine is the site of the radical attack and yields 8-hydroxydeoxyguanosine (8-OHdG) 

excreted in the urine. Before DNA replication, 8-OHdG enhances spontaneous transversion 

mutations of G:C → T:A, which can be restored via a base excision repair system (65). 8-Oxo-

dGuo, as a biomarker, is measurable to determine DNA damage status by HPLC in diabetic 

specimens. Single-cell gel electrophoresis and Comet assay used to detect oxidized purines in 

DNA are alternative methods to determine DNA damage (66). 

Secondary lipid peroxidation products, particularly 4-HNE and MDA, can contribute to 

the structural modification of nucleic acids. 4-HNE has a mutagenic and genotoxic effect. It 

can react with DNA bases. The 4-HNE-dG residue is considered a good marker for evaluating 

its genotoxic impacts and is mainly found in nuclear DNA. 4-HNE-dG induces p53 mutation, 
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a well-known tumor suppressor gene in human cancers (67). MDA also has a vital role in DNA 

damage and mutations. MDA biomarker is M1dG, which can be repaired by nucleotide excision 

repair. MDA-DNA adducts result in several lesions, such as point and frameshift mutations, 

strand breaks, and cell cycle arrest (41). 

The mitochondrial genome is highly susceptible to oxidative damage. It was conducted 

that oxidative stress degrades mitochondrial RNAs, and there is a positive relation between 

GSH and mitochondrial DNA destruction. ROS degrades mtDNA's bases resulting from high 

levels of 8-hydroxydeoxyguanosine, which leads to mispairing and point mutations. PCR is a 

selected method to detect these kinds of mitochondrial mutations. (68). 

 

2.6. Non-enzymatic oxidative transformations of exogenous compounds 

Pathophysiological changes during diabetes can potentially affect the absorption, 

distribution, metabolism, and excretion of various exogenous compounds, among them drugs 

(5-8). Such changes can be the results of (1) the damaging effect of the ROS on the enzymes 

and transporters involved in the biotransformation of drugs and/or (2) direct reactions of the 

reactive species with the parent (or metabolized) drugs. Cytochrome P450, for example, is a 

superfamily of enzymes generally involved in the metabolism of various exogenous and 

endogenous compounds by oxidation and reduction reaction (69, 70). The enzyme family of 

P450 1, 2, and 3 metabolize 96% of xenobiotics, particularly the subfamily of P450 3A (71). 

Some pathophysiological conditions may change the activity of P450 isoenzymes, via induction 

or suppression, like diabetes, hypertension, and cancer (72-74). In diabetes, several factors may 

affect the enzyme activity of cytochrome P450, such as age, gender, diabetes duration, and 

diabetes control (75). In STZ-treated diabetic rats, there are various changes in the expression 

of P450 isoenzymes, and similarly, GSH-dependent enzymes are altered in experimental and 

human diabetes (76-79). Oian and Hall, for example, reported that experimental diabetes in the 

rat led to alterations of the elimination of R(-) and S(+)-ibuprofen and a change in the inversion 

rate of R(-) -ibuprofen (80). Furthermore, reactive oxygen species can react with sensitive 

endogenous and exogenous molecules to form characteristic oxidized products. Therefore, non-

enzymatic (ROS-initiated) oxidation can be particularly significant at the sites of inflammations 

and under any other conditions accompanied by elevated ROS formations (11, 12). In this study, 

ibuprofen was selected to analyze its biotransformation under STZ-induced hyperglycemia in 

the rats. 
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2.6.1. Biotransformation of ibuprofen 

Ibuprofen (IBP) is a white or colorless crystalline and stable compound highly soluble 

in organic solvents and less in water (21 mg/l) (81). IBP is one of the non-steroidal anti-

inflammatory drugs (NSAIDs) and widely used over the counter (OTC) medicines, after aspirin 

and paracetamol. Ibuprofen belongs to the group of 2-arylpropionic acid derivatives with a 

molecular formula of C13H18O2 and IUPAC name; (RS)-2-[4-(2-methylpropyl) phenyl] 

propanoic acid (Figure 6). The acid dissociation constant (pKa) and octanol-water partition 

coefficient (log Kow) of ibuprofen are 4.91 and 3.97, respectively (82). The main structural 

feature of its 2-arylpropionic acid side is an sp3-hybridized chiral carbon atom. Although the 

current therapy of ibuprofen is in racemic doses, the stereoselectivity of its enantiomer forms 

is noticeable. The S(+)-enantiomer displays higher effectiveness compared to the R(-) form 

(83). IBP has three main pharmacological properties of NSAIDs: anti-inflammatory, analgesic, 

and antipyretic. It is generally applied to relieve minor pains and inflammation at over-the-

counter doses, and used for some chronic diseases, for instance, rheumatoid arthritis, at 

prescription doses (84, 85). 

 

 

Figure 6. Chemical structure of ibuprofen or (RS)-2-[4-(2-methylpropyl) phenyl] propanoic 

acid. 
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2.6.1.1. Pharmacokinetics and pharmacodynamics 

Oral intake of ibuprofen is the usual therapeutic route, although other administration 

routes, such as rectal, topical, and intravenous, are confirmed. Following oral intake, IBP has a 

rapid absorption (tmax; 1-2 h) depending on its formulation in the gastrointestinal tract (GIT), 

particularly in the small intestine. For instance, the formulated combination of granular 

ibuprofen and L-arginine has faster absorption and a higher plasma concentration (84). 

Ibuprofen is extensively exposed to combine with plasma proteins (up to 98%), making the 

wide range of its therapeutic concentration. As a result, IBP has a low tissue distribution volume 

(0.1 L/kg) and short plasma half-life (t1/2; 1-3 h), along with the need for frequent doses to 

provide therapeutic effects. Besides its small volume of distribution, ibuprofen can accumulate 

and penetrate the central nervous system, cerebrospinal fluid, and synovial fluid leading to its 

analgesic and anti-inflammatory outcomes (83-85). The equal ratio of racemic dose of IBP will 

be shifted, a unidirectional inversion, from the R(-)-enantiomer toward the more active S(+)-

enantiomer after the absorption. This inversion might occur in the GIT and systemic circulation. 

At the same time, it is still controversial whether the absorption dose will affect the 

pharmacokinetics of R(-) and S(+)-ibuprofen and whether this inversion ratio is significant or 

not (83, 84). In a newborn child, the half-life of IBP, compared with adults, is very long (30-45 

h), maybe because of inadequate metabolic enzyme activity (cytochrome P450) and poor 

neonatal renal filtration. In comparison, ibuprofen pharmacokinetics in young children is 

similar to adults (84, 85). 

The high proportion of ingested ibuprofen will undergo biotransformation, with the bit 

of remaining amount of the parent drug unchanged. The first metabolism step of ibuprofen is 

oxidation, to inactivate the molecule through CYP enzymes. In humans, the main CYP isoform 

responsible for the clearance of ibuprofen via hydroxylation is extensively CYP2C9, with the 

minor role of CYP2C8, CYP3A4, and CYP2C19 (84, 86-89). These enzymes catalyze aliphatic 

hydroxylation on primary, secondary, and tertiary carbon atoms of IBP, resulting in the 

formation of 1-hydroxy- (1-OH-IBP), 2-hydroxy- (2-OH-IBP), and 3-hydroxyibuprofen (3-

OH-IBP). 3-OH-IBP is further oxidized to form carboxylic metabolite (HOOC-IBP) by 

cytosolic dehydrogenase reactions (Figure 7). 2-OH-IBP and HOOC-IBP are the most common 

metabolites of ibuprofen after oral intake compared to the rest oxidized metabolites and can be 

detected in the feces and urines (84, 88, 90). Conjugation metabolism of ibuprofen and its 

hydroxylated metabolites will be followed, primarily with glucuronic acid, to form acyl-

glucuronides that can react with proteins. Marginally, ibuprofen will conjugate with taurine, 
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leading to ibuprofen taurate (IBP-TAU). Still, this conjugation needs the production of 

ibuprofen-coenzyme A thioester (IBP-CoA) previously (88, 91). A part of ibuprofen is directly 

conjugated with glucuronic acid to form ibuprofen-acyl glucuronide utilizing UDP-

glucuronosyltransferases (UGTs) in phase II biotransformation. Several UGTs have a role in 

ibuprofen metabolisms such as UGT1A3, UGT1A9, UGT2B4, UGT2B7, UGT2B17, and UGT 

1A1 (92, 93). These isozymes are also distributed in the gastrointestinal tract, primarily UGT 

1A1, and they can generate ibuprofen glucuronides. However, individual UGT isozymes are 

not well known in the glucuronidation path of IBP oxidized metabolites in phase I metabolism. 

After the metabolism phase, a high proportion of IBP metabolites and IBP conjugates are 

excreted through urine within 24 hours (94). A small proportion of the parent IBP and 

conjugated metabolites are excreted via bile ducts (85). 

 

 

Figure 7. Structural formula of plausible metabolites of ibuprofen (IBP) (1): 1-

hydroxyibuprofen (1-OH-IBP) (2), 2-hydroxyibuprofen (2-OH-IBP) (3), 3-hydroxyibuprofen 

(3-OH-IBP) (4), carboxyibuprofen (HOOC-IBP) (5), ibuprofen-β-D-glucuronide (IBP-GLU) 

(6), ibuprofen taurate (IBP-TAU) (7), aromatic hydroxylated ibuprofen (8), and glucuronide 

conjugate of an aromatic hydroxylated ibuprofen (9). (The position of the hydroxyl substitution 

of 8 and 9 is uncertain.) 

 

Ibuprofen, like other NSAIDs, has a non-selective inhibition property for cyclo-

oxygenates (COX). COX-1 is mainly in charge of producing prostanoids in normal tissue 

functions, while COX-2 is induced during inflammation and pain via the synthesis of 
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prostaglandin E2 (PGE2). IBP strongly inhibits the activity of both constituted COX-1 and 

inducible COX-2 (95). This leads to ceasing inflammation, pain, and platelet aggregation 

symptoms by preventing the formation of their precursors, such as prostaglandin E2 and 

thromboxane A2 (TxA2) (85). As it was concluded, S(+)-enantiomer has a higher activity than 

the R(-)-enantiomer toward the inhibition of cyclooxygenases, especially with COX-1 (96). 

 

2.6.1.2. Stereochemistry 

Ibuprofen as one of 2-arylpropionic acid derivatives holding a tetrahedral chiral carbon. 

The market formulation of IBP is frequently available in racemate doses. As well studied that 

the S(+)-isomer shows more potent activity than the R(−)-isomer, which looks like an inactive 

form (83, 96, 97). For instance, Neupert et al. showed that the inhibition potency (IC50) of S(+)-

ibuprofen toward both cyclooxygenases are (2.1 μM) and (1.6 μM), respectively, and the 

inhibition of R(−)-ibuprofen toward COX-1 is (34.9 μM) and no inhibition of COX-2 (up to 

250 μM) (97). In addition, the equal ratio of the prescribed racemate dose will be adjusted as 

the R(−)-enantiomer undergoes a unidirectional inversion to the S(+)-enantiomer (active form) 

(98).  

The inversion mechanism will occur enzymatically, in vivo, by forming two structural 

intermediates. The initial step is the activating of R(−)-ibuprofen stereoselectively by a long 

fatty acid chain enzyme (acyl-CoA synthetase) to a reversible structure named R(−)-

ibuprofenoyl-CoA thioester (99). The new structure can be epimerized into a reversible 

structure of S(+)-ibuprofenoyl-CoA thioester by epimerase (100). The inversion mechanism 

can be completed by hydrolysis of S(+)-ibuprofenoyl-CoA thioester to the irreversible active 

form of IBP (101) (Figure 8). Acyl-CoA synthetase cannot activate, in vivo, S(+)-ibuprofen via 

formulating S(+)-ibuprofenoyl-CoA to be inverted to the inactive form (97, 100). The 

enantiomer inversion may happen in the gastrointestinal tract and blood circulation (83, 84). 

The proportion of this configuration is not well clarified under abnormal physiological 

conditions such as hyperglycemia. 

  

https://pubchem.ncbi.nlm.nih.gov/compound/thromboxane%20A2
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Figure 8. Proposed mechanism of R(−)-ibuprofen inversion in rat liver (102). 
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3. Aims 

 

- To study the oxidative transformations of selective endogenous compounds – lipids, 

proteins, peptides (glutathione), and amino acids (phenylalanine) under the influence of 

STZ-induced experimental diabetes in the small intestine, the liver, and the kidney of 

rats. 

 

- In vitro investigation of ibuprofen oxidation to explore the main oxidative products in 

two (Fenton and Udenfriend) non-enzyme catalyzed reactions. 

 

- To study the in vivo oxidative transformations of ibuprofen in the small intestine and 

the liver under the experimental diabetes of the rat. 

 

(a) Investigate the main oxidative and conjugated metabolites of ibuprofen in small 

intestine perfusates and bile of control and hyperglycemic rats. 

 

(b) Investigate intestinal absorption and biliary excretion of ibuprofen and its oxidized 

metabolites in control and streptozotocin-induced rats. 

 

(c) Investigate the ratio of R(-) and S(+)-ibuprofen in small intestinal perfusates and bile 

of control and hyperglycemic rats. 
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4. Materials and Methods 

4.1. Chemicals 

Copper(II) sulfate pentahydrate (CuSO4•5H2O), sodium sulfate (Na2SO4), sodium 

potassium tartrate tetrahydrate (KNaC4H4O6•4H2O, potassium iodide (KI), and potassium 

chloride (KCl) were obtained from Reanal (Budapest, Hungary). Trichloroacetic acid (TCA), 

sodium hydroxide (NaOH), sodium chloride (NaCl), and ethylenediaminetetraacetic acid 

disodium (EDTA.Na2) were from Molar Chemicals (Budapest, Hungary). Guanidine 

hydrochloride, glacial acetic acid (CH3COOH), and thiobarbituric acid (TBA) were purchased 

from M.P. Biomedicals (Illkirch, France), Scharlau (Barcelona, Spain), and AppliChem 

(Darmstadt, Germany), respectively. Sodium dodecyl sulfate (SDS), methanol (MeOH), 

ethanol (EtOH), ethyl acetate (EtOAc), and n-hexane were obtained from VWR chemicals 

(Debrecen, Hungary). Butylated hydroxytoluene (BHT), Trizma, 5,5′-dithiobis-(2-nitrobenzoic 

acid) (DTNB), racemic ibuprofen (IBP), (S)-(+)-ibuprofen, naproxen sodium (NAP),  salicylic 

acid (SA), streptozotocin (STZ), ibuprofen-β-D-glucuronide (IBP-GLU), and 

carboxyibuprofen (HOOC-IBP) were from Sigma-Aldrich (Budapest, Hungary). 3-

Hydroxyibuprofen (3-OH-IBP) was from HPC Standards GmbH (Cunnersdorf, Germany). 1-

Hydroxyibuprofen (1-OH-IBP) and 2-hydroxyibuprofen (2-OH-IBP) were obtained from Dr. 

Ehrenstorfer GmbH (Augsburg, Germany). All chemicals and reagents were analytical or 

HPLC grade. The standard isotonic perfusion medium had the following compositions (mM): 

NaCl 96.4, KCl 7.0, CaCl2 3.0, MgSO4 1.0, sodium phosphate buffer (pH 7.4) 0.9, Tris buffer 

(pH 7.4) 29.5, glucose 14.0, mannitol 14.0. Blood glucose level was checked with an AccuChek 

blood glucose meter (Roche). 

 

4.2. Animals and experimental procedure  

Male Wistar rats (9-11 weeks old; weighing 250-300 g; TOXI-COOP, Hungary, 

Budapest) were separated into four groups. Group I was the control, and Group II, III, and IV 

were induced diabetic animals (n=4 each). They are subdivided into one-week (Group II), two-

week (Group III), and four-week (Group IV) diabetic animals. Experimental diabetes was 

induced by intravenous injection of streptozotocin (STZ) (65 mg/kg bw). The experimental 

animals were provided standard chaw (Safe D40, Scientific Diets, Rosenberg, Germany) and 

water ad libitum. The chaw was withdrawn the day before the experiments (at 4 p.m.). Blood 

glucose levels were tested on the day of the experiments (at 8 a.m.) to confirm hyperglycemia. 
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The animals were anesthetized with an intraperitoneal injection of urethane (1.2 g/kg bw). The 

abdomen was opened by a midline incision, and the selected organs were collected. The 

collected samples were stored in a deep freezer (-70oC) until the analysis. 

 

4.3. Sample preparation 

Samples were taken from the freezer (-70oC) and incubated on ice for 5 minutes to 

become de-frozen and ready. A particular mass of the organ sample was weighted, then 

homogenized with the homogenizing buffer pH 7.4, in a proportion (1:3). The buffer was 

composed of KCl (0.154 M), Trizma (50 mM), and EDTA.Na2 (5 mM). The matrix was 

completed with BHT (50 mg/ml in MeOH). The mixture was homogenized on ice by Witeg® 

homogenizer (HG-15A) for 90 seconds (50 speed rate). The homogenate was diluted with the 

buffer to reach the final mass/volume, in a proportion (1:4), sample preparation (homogenate 

25%). The prepared samples were dispensed in Eppendorf vials and stored in a deep freezer     

(-70oC) until the time of experiments. Before the experiments, the homogenate was removed 

from the fridge and incubated (37oC) for 10 minutes in a water bath. 

 

4.4. UV-Vis determination of protein content (Biuret assay) 

To 0.1 ml of organ homogenate (25%) in a 10 mL test tube, 1.0 mL of SDS (8.1%), 0.9 

ml of NaCl (0.9%), and 8.0 ml of biuret reagent (CuSO4•5H2O, KNaC4H4O6•4H2O, KI, and 

NaOH in distilled water) were added. The mixture was incubated for 10 minutes at room 

temperature. Then, 1.0 ml of the sample was measured by UV-spectrophotometer (Jasco® V-

750) at 550 nm against the blank. The protein concentration of samples was determined by the 

equation of calibration curve of bovine serum albumin (BSA) (y = 0.2583x + 0.1124, R² = 

0.9997). The calibration curve plot was achieved with different concentrations of BSA in the 

same procedure of biuret assay designed and performed before sample measurements, as shown 

in Table 1 (103). 
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Table 1. Determination of protein content by Biuret assay of different concentrations of the 

bovine serum albumin (BSA). 

No. BSA volume 

(mL) 

8.1% SDS 

(mL) 

0.9% NaCl 

(mL) 

Biuret 

reagent (mL) 

BSA concentration 

(mg/mL) 

1 -- 1 1 8 Blank 

2 0.1 1 0.9 8 0.3 

3 0.2 1 0.8 8 0.6 

4 0.3 1 0.7 8 0.9 

5 0.4 1 0.6 8 1.2 

6 0.5 1 0.5 8 1.5 

 

4.5. UV-Vis determination of protein carbonyl content (DNPH-protein adducts) 

To 0.2 mL of organ homogenate (25%), 1.0 mL of 0.1 M phosphate buffer pH 7.2 and 

0.8 mL of distilled water and 2.0 mL of 5mM 2,4-DNPH (in 2 M hydrochloric acid) were added. 

The mixture was incubated in the dark at room temperature for one hour by vortexing every 15 

minutes. Then, 2.0 mL of 50% trichloroacetic acid was added, and the mixture was kept for 

another hour under the same condition. After that, the mixture was centrifuged for 15 

minutes/5000 rpm. The supernatant was discarded, and the residue was washed with 1.0 mL of 

EtOH/EtOAc (1:1). The sample was vortexed and centrifuged for 15 minutes (5000 rpm), and 

the supernatant was discarded. This washing step was repeated three times, and the final residue 

was dissolved in 1 mL of 8 M guanidine hydrochloride. After the sample was completely 

dissolved, 0.1 mL of the solution was diluted in 0.9 mL of 8 M guanidine hydrochloride to be 

measured using a UV-spectrophotometer (Jasco® V-750). The absorbance was measured at 375 

nm against 8 M guanidine hydrochloride (104, 105). 

 

4.6. UV-Vis determination of diene conjugates 

To 1.0 mL of organ homogenate (25%) in a conical flask with a ground glass joint, 20 

mL of chloroform: methanol (2:1 v/v) mixture was added. The mixture was incubated for 20 

minutes in a water bath (50°C) with mechanical shaking. After that, it was washed into a 

separatory funnel using 10 mL of chloroform: methanol (2:1 v/v) mixture and 5 mL of distilled 

water. The mixture was allowed to stand for 20 minutes to allow separation. Then, the bottom 

phase was filtered into an Erlenmeyer flask and dried over anhydrous sodium sulfate. It was 

filtered into a weighted round-bottomed flask and evaporated by a rotary evaporator (Heidolph 

Hei-VAP) at 30°C/100 rpm (20 minutes). After evaporation, the mass of the flask mass was 
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weighed, and the residue was dissolved in MeOH to obtain a 1 mg/mL solution. The absorbance 

of the obtained solution was measured by UV-spectrophotometer (VWR® U-1600PC) in a 

range of 400-200 nm against MeOH. After that, the solution was diluted ten times with MeOH, 

and the measurement was repeated (39). 

 

4.7. UV-Vis determination of malondialdehyde (MDA) (TBARS assay) 

To 0.1 ml of organ homogenate (25%), in a well-sealed ground-glass stoppered test tube, 

0.2 mL of SDS (8.1%) and 1.5 ml of CH3COOH (20%; pH 3.5) were added. After that, 1.5 ml 

of thiobarbituric acid (0.8%) and 0.7 ml of distilled water were pipetted into the mixture. The 

mixture was incubated in boiling water (95oC) for one hour to achieve the color reaction 

(TBARS). The sample was cooled down on the ice (5 minutes) and centrifuged (5 minutes, 

3000 rpm). 1 mL of the clear supernatant was measured by UV-spectrophotometer (Jasco® V-

750) at 532 nm against distilled water (106). 

 

4.8. UV-Vis determination of non-protein thiols (NPSH) 

To 1.0 ml of organ homogenate (25%), 0.25 mL of BHT (50 mg/ml in methanol) and 

0.25 mL of trichloroacetic acid (25%) were added. The mixture was vortexed and then 

centrifuged for 5 minutes/5000 rpm. 0.1 mL of the collected supernatant was combined with 

2.8 mL of Trizma buffer pH 8.9. The reaction was started after pipetting 0.1 mL of Ellman's 

reagent (DTNB) (0.01 M in MeOH). The sample was incubated at room temperature for 30 

minutes, allowed the maximum reaction, and then measured at 412 nm against the blank (107, 

108). 

 

4.9. HPLC determination of tyrosine isomers 

4.9.1. Sample preparation 

To 50 mg organ sample, 400 μl of 6 N hydrochloric acid, 40 μl of 500 mM BHT in 

methanol, and 4 μl of 400 mM desferrioxamine solution are added. The sample was vortexed 

for 1 minute and then hydrolyzed at 120°C for 18 hours. Then, the sample was allowed to cool, 

centrifuged at 3000 rpm for 10 minutes, and filtered through a syringe filter (0.2 μm) before 

analysis (109). 
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4.9.2. HPLC-FLD measurements 

HPLC-FLD analyses were performed on a Shimadzu Class 10 HPLC system equipped 

with an RF-10 AXL fluorescent detector (Shimadzu, Canby, OR, USA). Separation of 

compounds was performed on a LiChrospher 100 C18 (5 µm) LiChroCART® 250-4 column at 

ambient temperature. The mobile phase consisted of 1% (m/v) sodium acetate and 1% (v/v) 

acetic acid in water (isocratic run). Flow rate: 1.0 ml/min. For Phe: excitation: 258 nm, 

emission: 305 nm. For Tyr: excitation: 275 nm, emission: 305 nm. Concentrations were 

determined using external calibration (110). 

 

4.10. Ibuprofen 

4.10.1. Ibuprofen experiments in vitro 

4.10.1.1. Fenton test 

The experiments were performed as described before (111). Iron (II) sulfate (100 µL of 

30 mM) solution (in pH 3.0 sulfuric acid) was mixed with 700 μL of sulfuric acid (pH 3.0), and 

the mixture was vortexed for 30 seconds. Then, 100 μL of 10 mM IBP in phosphate buffer pH 

7.2 was added and vortexed. The total volume was set to 1 mL by adding 100 μL of 10 mM 

hydrogen peroxide. The components were mixed in the respective order, and the reaction 

mixtures were placed in a 37 oC water bath. The samples were analyzed after 0, 10, 60, 80, and 

120 minutes of incubation. "Blank" samples didn't contain IBP.  

At the end of each incubation period, the mixtures were acidified with 20 μL of 2 M 

sulfuric acid, and 50 μL of 10 mM salicylic acid as an internal standard was added (final 

concentration 0.467 mM). The samples were vortex-mixed and extracted twice with 2 ml of 

diethyl ether. The combined ether extracts were evaporated under N2 gas. Before HPLC and 

LC-MS analysis, the dry residue was reconstructed in 100 μL of acetonitrile. 

 

4.10.1.2. Udenfriend's assay 

The assay was performed as reported earlier (112). To a test tube, 3.0 mL of distilled 

water, 4.0 mL of 2.5 mM IBP solution in 0.1 M phosphate buffer (pH 7.2), 1.0 mL of 10 mM 

ascorbic acid, 1.0 mL of 2.4 mM EDTA, and 1.0 mL of 2.0 mM Fe(NH4)2(SO4)2 solution were 
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added, in the listing order. The mixture was vortexed after adding each component. Then, it 

was incubated in a water bath at 37°C for 2 hours, with gently mechanical shaking, and 1.0 mL 

aliquot was taken from the mixture at 0, 10, 60, 80, and 120 min. 

To the 1.0 mL aliquot, 1.0 mL of 0.4 M ice-cold perchloric acid and 100 μL of 10 mM 

of salicylic acid (as an internal standard) were added (final concentration of 0.476 mM). The 

acidic solution was cooled in icy water and extracted twice with 3.0 mL of diethyl ether. The 

combined ether layers were evaporated under N2 gas. Before analysis, the dry residue was 

reconstructed in 100 μL of acetonitrile. 

 

4.10.2. Ibuprofen experiments in vivo 

4.10.2.1. Intestinal perfusion 

The experiments were performed according to the protocol before (113-115). Male 

Wistar rats (9-11 weeks old; weighing 250-300g) were separated into two groups. Group I was 

the control, and Group II was diabetic animals (n=5 per group). Experimental diabetes was 

induced by streptozotocin (STZ) one week before the intestinal perfusion, as stated in section 

(4.2.). The animals had fasted for 18–20 h before the experiments; then anesthetized with an 

intraperitoneal injection of urethane (1.2 g/kg bw). The abdomen was opened by a midline 

incision. A jejunal loop (length of the jejunal loop about 10 cm) was “in vivo” isolated and 

cannulated at its proximal and distal ends. Body temperature was maintained at 37°C using a 

heat lamp. 

Perfusion through the lumen of the jejunal loop with an isotonic medium containing 250 

µM ibuprofen was carried out at a rate of 13 mL/min in a recirculation mode. Perfusate samples 

(250 μL) were collected at selected timepoints (15, 30, 45, 60, 75, and 90 minutes) from the 

perfusion medium flowing out from the intestinal loop. The initial volume of the perfusate was 

15 ml, and its temperature was maintained at 37°C. For parallel investigation of the biliary 

excretion, the bile duct was cannulated with PE-10 tubing. The bile outflow was collected in 

15 minute-periods into tared Eppendorf tubes placed in ice. The collected samples were stored 

in a deep freezer (-70°C) until analysis. Bile flow was measured gravimetrically, assuming a 

specific gravity of 1.0 (116). 
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4.10.2.2. Sample preparation 

To 0.1 mL of perfusate sample or 50 μL of bile sample, 20 μL of 2 M sulfuric acid and 

10 μL of 10 mM salicylic acid (as an internal standard) were added. (The final concentration of 

the salicylic acid in the perfusate and the bile samples was 0.77 mM and 1.25 mM, respectively). 

Then, the samples were vortex-mixed and extracted twice with 0.5 ml of diethyl ether. After 

vortexing (30 sec) and centrifugation (5 min, 5000 rpm), the ether layers were separated, and 

the combined ether extracts were evaporated under N2 gas. Before HPLC-UV and HPLC-MS 

analysis, the evaporation residue was reconstructed in 100 μL of acetonitrile. 

 

4.10.3. Analysis of racemic ibuprofen samples (Items 4.10.1. and 4.10.2.) 

4.10.3.1. HPLC-UV 

HPLC-UV analysis (Method I) of the Fenton and the Udenfriend's samples was 

performed on an integrated Agilent 1100 HPLC system equipped with a quaternary HPLC 

pump, a degasser, an autosampler, a thermostated column holder compartment, and a diode-

array detector. Data were recorded and evaluated by Agilent ChemStation software 

(Rev.B.03.02-SR2). 

HPLC-UV analysis (Method II) of the perfusate and bile extracts was performed on an 

integrated Jasco HPLC (LC-4000) system equipped with a quaternary HPLC pump, a degasser, 

an autosampler, a thermostated column holder compartment, and a PDA detector. Data were 

recorded and evaluated by ChromNAV Data System (Ver.2). 

Method I. Separation of compounds was performed on a Teknokroma (NUCLEOSIL 

C18) (4.6 mm x 250 mm, 5µm particle size) column with a Teknokroma (ODS cartridge, 1 cm 

x 0.32 cm) guard column at 40oC. The mobile phase consisted of 0.02 M phosphate buffer pH 

2.5 (A) and acetonitrile (B) with a flow rate of 1.5 mL/min. The analyses (detection at 220 nm) 

were performed using the following gradient profile: 20% B for 15 min followed by a 5 min 

linear gradient to 60% B, a 4 min isocratic elution followed by a 2 min linear gradient to 20% 

B and a 4 min equilibration. The injected volume was 10 µL. 

Method II. Separation of compounds was performed on a Zorbax SB C-18 (4.6 mm x 

150 mm, 5µm particle size) column with a Teknokroma (ODS cartridge, 1 cm x 0.32 cm) guard 

column at 40oC. The mobile phase consisted of 0.02 M phosphoric acid pH 2.5 (A) and 

acetonitrile (B) with a flow rate of 1.6 mL/min. The analyses (detection at 220 nm) were 
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performed using the following gradient profile: 20% B for 5 min followed by a 0.5 min linear 

gradient to 30% B, a 4.5 min isocratic elution followed by a 0.1 min linear gradient to 60% B, 

a 4.9 min isocratic elution followed by a 0.1 min linear gradient to 20% B and a 4.9 min 

equilibration. The injected volume was 10 µL. 

 

4.10.3.2. HPLC-MS 

To identify the metabolites, a Thermo Dionex UltiMate 3000 liquid chromatography 

(Dionex, Sunnyvale, USA) connected to a Thermo Q Exactive Focus quadrupole-Orbitrap 

hybrid mass spectrometer (Thermo Scientific) was used. Data acquisition and analysis were 

performed using the Q Exactive Focus 2.1, Xcalibur 4.2., and FreeStyle 1.8 software (Thermo 

Scientific). The HPLC separation was performed on an XTerra MS C18 column (150 mm x 2.1 

mm, 3.5 µm) with XTerra MS C18 precolumn (5 mm x 2.1 mm, 3.5 µm) at 40°C. The injection 

volume was 5 µl; the flow rate was 0.4 ml/min. The tray of the autosampler vials was 

thermostated at 25°C. A binary gradient of the eluents is as follows. Eluent: 5 mM ammonium-

acetate/5 mM acetic acid in water (A) and methanol (B). Gradient: 10% B for 1 min, followed 

by a 9 min linear gradient to 90% B, a 2 min an isocratic elution followed by a 0.5 min linear 

gradient to 10% B, and a 2.5 min equilibration. 

Analysis of the compounds was performed in HESI negative ionization modes with the 

following parameters: spray voltage 3.0 kV; probe heater temperature 300°C; capillary 

temperature 350°C; spray and auxiliary N2 gas flows 20 and 5 arbitrary units, respectively; S-

Lens RF level 50%; automatic gain control 1e6; resolution (at m/z 200) 70000. Data acquisition 

range of m/z 100-1000, in full scan mode. 

 

4.10.4. Chiral analysis 

4.10.4.1. Animal experiment and intestinal perfusion procedure 

The animal experiment and intestinal perfusion were identical to the section (4.10.2.1.). 
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4.10.4.2. Sample preparation 

Perfusate and bile samples were kept at room temperature for a short time to become 

defrost. The extraction technique of this experiment was the modified method by Bonato et al. 

(117). The sample volume (50 µL) was placed in an Eppendorf tube, and then 10 µL of 

naproxen sodium salt (250 µM) was added as an internal standard. The mixture was acidified 

by 40 µL of hydrochloric acid (2 M) and extracted with 1.5 ml (3-times 0.5 ml) of a mixture of 

n-hexane and ethyl acetate (8:2 v/v). The mixture was vortexed for 30 seconds and centrifuged 

for 5 minutes at 3500 rpm, and the transparent upper layer was collected. The combined extracts 

were evaporated under nitrogen at 40⁰C. The evaporated residue was reconstituted in 50 µL of 

the mobile phase and ready for the HPLC analysis. 

 

4.10.4.3. HPLC-UV analysis-Instrumentation 

HPLC-UV analysis of the perfusate and bile samples was performed on an integrated 

Jasco HPLC (LC-4000) system equipped with a quaternary HPLC pump, a degasser, an 

autosampler, a thermostated column holder compartment, and a PDA detector. Data were 

recorded and evaluated by ChromNAV Data System (Ver.2).  

Ibuprofen enantiomers were separated on a Kromasil 3-amylCoat RP (4.6 mm x 150 

mm, 3 µm) chiral column with a Teknokroma (ODS cartridge, 1 cm x 0.32 cm) guard column. 

The mobile phase consisted of methanol/water/acetic acid (70/30/0.1). The run time was 30 

minutes with a 0.5 mL/min flow rate and 10 µL injection volume. The temperature and the U.V. 

detector were set at 22°C and 220 nm, respectively. The analytical method is based on the 

Kromasil application note (118). Identification of the separated peaks was made by 

determination of the retention time of (S)-(+)-ibuprofen (Figure 41). 

 

4.10.4.4. HPLC-UV analysis - Validation data 

4.10.4.4.1. Specificity 

Results were evaluated based on the chromatograms of extracts of blank perfusate and 

blank bile samples. The examined extracts didn’t give a detectable chromatographic peak at the 

retention time of ((R)-IBP (1) tR=14.5 min, (S)-IBP (2) tR=16.72 min, and NAP (3) tR=20.3 min) 
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of the perfused medium, and at the retention time of ((R)-IBP (1) tR=14.4 min, (S)-IBP (2) 

tR=16.61 min and NAP (3) tR=20.18 min) of the bile (Figure 40). 

4.10.4.4.2. System suitability 

System suitability data were evaluated from chromatograms of the standard solutions of 

racemic IBP (100 μM, 250 μM) and NAP (50 μM) in methanol. Results were obtained from 

five parallel injections. The evaluation was based on the relative standard deviation (RSD%). 

The percent RSD values are shown in Table 2. 

 

Table 2. Data for system suitability of methanol solutions of racemic ibuprofen (rac-IBP) 

(100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM). 

Injections 

(Standard Solutions) 

NAP rac-IBP 

C (μM) 

tR 

(min) Area C (μM) tR (min) R-Area tR (min) S-Area 

1 50 20.24 68666 100 14.48 12019 16.74 12119 

2 50 20.22 68779 100 14.47 12081 16.72 12125 

3 50 20.29 68783 100 14.50 12034 16.75 12156 

4 50 20.30 68542 100 14.52 12034 16.79 12215 

5 50 20.31 68632 100 14.53 12065 16.79 12247 

Mean  20.27 68680  14.50 12047 16.76 12172 

RSD%  0.17 0.13  0.16 0.19 0.17 0.41 

Compounds tR RRT k’ T NTP RS 

NAP 20.27 N/A 19.27 1.23 1567 N/A 

R-IBP 14.50 1.40 13.50 1.24 2057 1.63 

S-IBP 16.76 1.21 15.76 1.16 2009 1.99 

1 50 20.24 68740 250 14.47 32102 16.72 32200 

2 50 20.24 68575 250 14.46 32121 16.70 32481 

3 50 20.24 68552 250 14.46 32107 16.70 32272 

4 50 20.24 68667 250 14.47 32096 16.71 32224 

5 50 20.25 68244 250 14.48 31873 16.72 31979 

Mean  20.24 68556  14.47 32060 16.71 32231 

RSD%  0.03 0.25  0.03 0.29 0.04 0.50 

Compounds tR RRT k’ T NTP RS 

NAP 20.24 N/A 19.24 1.26 1522 N/A 

R-IBP 14.47 1.40 13.47 1.24 2057 1.63 

S-IBP 16.71 1.21 15.71 1.17 2026 1.99 

tR: retention time, RRT: relative retention time (RRT= tR(NAP)/tR (rac-IBP)), k’: capacity factor, T: asymmetry factor, 

NTP: number of theoretical plates, Rs: resolution. 

 

4.10.4.4.3. Precision 

Precision was studied by investigating repeatability and intermediate precision. 

Repeatability was determined by measuring intra-day data of 3 parallel injections of 2 parallel 

dilutions of 2 independent weighings of racemic IBP (c = 100 μM, c = 250 μM in MeOH) and 

NAP (c = 50 μM, in MeOH). Intermediate precision was determined by measuring inter-day 

(by injection of the samples over three consecutive days) data of 3 parallel injections of 2 



33 

 

dilutions of racemic IBP (C = 100 μM, c = 250 μM in MeOH) and NAP (c = 250 μM, in MeOH). 

The evaluation was based on the relative standard deviation (RSD%) (Tables 3 and 4). 

Table 3. Data for system repeatability methanol solution of racemic ibuprofen (rac-IBP) (100 

μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM). 

Weighting/Dilution 

Standard Solution 

NAP  rac-IBP 

C (μM) Area C (μM) R-Area S-Area 

1/1 50 68358 250 31427 31471 

1/2 50 68736 250 31612 31845 

1/3 50 68381 250 31454 32084 

2/1 50 68014 250 31765 32110 

2/2 50 68568 250 31974 32247 

2/3 50 68424 250 32123 32316 

Mean  68414  31726 32012 

RSD%  0.32  0.81 0.89 

1/1 50 68901 100 12396 12362 

1/2 50 68867 100 12124 12198 

1/3 50 68882 100 12299 12442 

2/1 50 68947 100 12284 12450 

2/2 50 68993 100 12172 12268 

2/3 50 68848 100 12288 12361 

Mean  68906  12261 12347 

RSD%  0.07  0.73 0.73 

 

Table 4. Data for system intermediate precision of methanol solution of racemic ibuprofen (rac-

IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM). 

Day Dilution 

Standard 

Solution 

NAP rac-IBP 

C (μM) Area C (μM) R-Area S-Area 

1 1 50 68358 250 31427 31471 

 2 50 68736 250 31612 31845 

 3 50 68381 250 31454 32084 

2 1 50 68313 250 31617 31781 

 2 50 68687 250 31440 31686 

 3 50 68747 250 31325 31546 

3 1 50 68884 250 32130 32366 

 2 50 68262 250 32055 32349 

 3 50 68461 250 32052 32308 

 Mean  68537  31679 31937 

 RSD%  0.31  0.93 1.03 

1 1 50 68901 100 12396 12362 

 2 50 68867 100 12124 12198 

 3 50 68882 100 12299 12442 

2 1 50 68935 100 12355 12492 

 2 50 68227 100 12065 12129 

 3 50 68568 100 12207 12291 

3 1 50 68905 100 12148 12246 

 2 50 68859 100 12178 12315 

 3 50 68714 100 12058 12375 

 Mean  68762  12203 12317 

 RSD%  0.32  0.94 0.88 
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4.10.4.4.4. Accuracy 

Accuracy was calculated by spiking control perfusion and bile samples with the 

concentrations of racemic IBP (50 μM, 100 μM, 250 μM) and NAP (50 µM). After the 

extraction of the samples, the percentage of recoveries was calculated with the mean of the 

same concentrations of standard dilutions of racemic IBP (50 μM, 100 μM, 250 μM) and 

NAP(50 μM). The evaluation was based on the relative standard deviation (RSD%) (Table 5). 

 

Table 5. Accuracy of NAP, R- and S-IBP determination in spiked control perfusates and spiked 

control bile with the same range of standard dilutions of racemic IBP (50 μM, 100 μM, 250 

μM) and NAP(50 μM). 

 NAP rac-IBP 

C spiked perfusate 

(μM) Area 

Recovery 

% 

C spiked 

perfusate (μM) R-Area 

Recovery 

% S-Area 

Recovery 

% 

50 67646 98.1 50 5299 86.5 5241 85.0 

50 67599 98.0 50 5335 87.1 5299 85.9 

50 67569 98.0 50 5320 86.8 5227 84.7 

50 68004 98.4 100 11355 92.8 11248 90.9 

50 67423 97.6 100 11151 91.1 11088 89.6 

50 67536 97.7 100 11097 90.7 11006 88.9 

50 56635 81.6 250 26897 85.7 26898 85.3 

50 56225 81.1 250 26855 85.5 26741 84.8 

50 55432 79.9 250 26361 83.9 26326 83.5 

Mean  92.3   87.8  86.5 

RSD%  8.76   3.23  2.81 

C spiked bile  

(μM) Area 

Recovery 

% 

C spiked bile  

(μM) R-Area 

Recovery 

% S-Area 

Recovery 

% 

50 61456 89.1 50 5168 84.3 5164 83.7 

50 61475 89.2 50 5127 83.7 5169 83.8 

50 61466 89.2 50 5147 84.0 5166 83.8 

50 60576 87.7 100 10930 89.3 11049 89.3 

50 60411 87.4 100 10916 89.2 11003 88.9 

50 60494 87.5 100 10923 89.3 11026 89.1 

50 60968 87.9 250 28149 89.6 29544 93.7 

50 61118 88.1 250 27995 89.2 28732 91.1 

50 61043 88.0 250 28072 89.4 29138 92.4 

Mean  88.2   87.6  88.4 

RSD%  0.77   2.88  4.09 

 

4.10.4.4.5. Linearity 

Linearity was studied by analysis of standard solutions of racemic IBP of five different 

concentrations (250 μM, 200 μM, 150 μM, 100 μM, 50 μM) using methanol as solvent. Each 

solution had a known concentration of NAP as an internal standard (50 μM). Data were obtained 

from three parallel injections of each concentration. Calibration curves were generated by 



35 

 

plotting the theoretical concentrations against the relative peak areas (ratio of the peak areas of 

the enantiomers and the internal standard). Linearity was determined by least-squares 

regression. The regression equation for (R)- and (S)-IBP was as follows: (R)-IBP: y=0.3704x-

0.4497, R²= 0.999; (S)-IBP: y=0.3683x-0.3253, R² = 0.9992) as shown in Figure 9. 

 

 

Figure 9. The HPLC-UV calibration curves of R-IBP (A) and S-IBP (B) with the linear 

regression trend lines, constructed by five different concentrations (250 μM, 200 μM, 150 μM, 

100 μM, 50 μM) of standard racemic IBP. 

 

4.10.4.4.6. Determination of LOQ 

The limit of quantitation (LOQ) was considered the lowest concentration (50 μM) of the 

calibration curve contracted by using racemic ibuprofen. Regarding the exact concentration of 
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the two enantiomers in the investigated sample (R-IBP: 49.81%; S-IBP: 50.019% - See Table 

2), the LOQ of the R-IBP and S-IBP is 24.91 μM and 25.09 μM, respectively. 

4.11. Statistics 

The protein content of homogenate samples was measured by Biuret assay according to 

the calibration curve of different known concentrations of BSA. TBARS (nmol/mg protein/g) 

and GSH (μmol/mg protein/g) amounts represent the mean ± SD of four animal samples in each 

group. The value of protein carbonyl content (μmol/Port-DNPH/mg protein/g) and diene 

conjugates (E1cm
1%/mg protein/g) are the mean ± SD of animal groups (n= 4). HPLC-FLD 

integrated peak areas of tyrosine derivatives (nmol\mmol) represent the mean ± SD of animal 

groups (n= 2). The difference among groups was analyzed by SPSS one-way Anova. 

Significant differences from the control value: ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001. 

HPLC-UV integrated peak areas (relative to the internal standard) of oxidized ibuprofen 

metabolites were qualitatively analyzed in the Fenton and Udenfreind experiments based on 

incubation time. Biliary excretion was expressed as the product of the HPLC peak areas 

(relative to the internal standard) and the 15-minute period of bile flows (L/kg/min). The 

values (arbitrary units) represent the mean ± SD of five independent experiments. The 

difference among groups was determined by SPSS independent t-test. Significant differences 

from the control value: * p< 0.05 and ** p < 0.01. 

For the R-S inversion study, the luminal disappearance of the IBP enantiomers was 

calculated based on their luminal concentrations and the volume of the perfusion solution. The 

biliary excretion was calculated on the base of the volume of bile flow in 15 minutes periods. 

Data show the mean ± SD of four independent experiments. The difference among groups was 

determined by SPSS One-way Anova. Significant differences from the control value: * p<0.05, 

** p < 0.01, and ∗∗∗ p < 0.001. 

4.12. Ethical approval 

The study was designed and conducted according to European legislation (Directive 

2010/63/E.U.) (119) and the Hungarian Government regulation (40/2013., II. 14.) (120) on the 

protection of animals used for scientific purposes. The project was approved by the Animal 

Welfare Committee of the University of Pécs and by the Government Office of Baranya County 

(license No. BAI35/51-61/2016 and license supplement (supplement No. BAI35/90-5/2019).  
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5. Results 

5.1. Oxidative transformations of selective endogenous compounds under the 

influence of STZ-induced experimental diabetes 

5.1.1. Blood glucose level 

Diabetes was induced with a single i.v. dose of 65 mg/kg STZ (121). Hyperglycemia 

was confirmed after one week of the STZ-treatment (121, 122). The average blood glucose 

level of the control animals was 6.7 ± 1.5 mM, while that of the STZ-treated rats was 23.4 ± 

2.8 mM.  

5.1.2. Protein content 

The protein content (mg/g wet tissue) of the liver, small intestine, and kidney were 

determined using the calibration curve (y = 0.2583x + 0.1124, r² = 0.9997) obtained by BSA 

(Figure 10). The results showed that the protein content of each organ was affected by the 

hyperglycemic conditions (Figure 11). The protein content of the small intestine in all groups 

is lowered, showing similar reduced values over the four-week period. In the kidney, the values 

were continuously lowered. The protein content of the liver showed the least reductions having 

the two-week STZ-treated samples the lowest values (Figure 11).  

 

Figure 10. The calibration curve of the UV-absorbance of different concentrations of the bovine 

serum albumin (BSA) by Biuret assay. 

 

y = 0.2583x + 0.1124
R² = 0.9997

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.3 0.6 0.9 1.2 1.5

A
b

s 
at

 5
5

0
 n

m

Concentration of BSA (mg/ml)

BSA Calibration Curve



38 

 

 

Figure 11. Comparison of the protein contents (mg protein/g wet tissue) in the control, one-

week-, two-week-, and four-week-STZ treated rats. 

 

5.1.3. Carbonyl (Prot-DNPH) content 

The carbonyl content of oxidized proteins was determined after derivatization with 2,4-

dinitrophenylhydrazine (DNPH). Protein-DNPH content of the STZ- treated samples showed a 

distinct continuous increase compared to the controls in each tissue homogenate. Each two-

week STZ-treated organ level was significantly different from the control. The protein-DNPH 

level in the four-week STZ-treated liver samples decreased. In the kidney, the protein carbonyl 

content showed a moderate continuous increase over the four-weeks (Figure 12). 
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Figure 12. Comparison of the protein carbonyl content (mol Prot-DNPH/mg protein/g tissue) 

in control, one-week-, two-week-, and four-week-STZ treated rats (∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ 

p < 0.001). 

 

5.1.4. Determination of diene conjugates 

In the liver, the conjugated diene level slightly increased in the hyperglycemic rats at 

each timepoint. In the small intestine, the conjugated diene level significantly increased at each 

timepoint. However, the relative increase, specifically in the two-week and four-week 

hyperglycemic samples, was much higher than in the liver. In the kidney, the diene level was 

significantly higher in the four-week STZ-treated samples. The one-week and two-week STZ 

treatment didn’t significantly affect the conjugated diene level. The four-week samples showed 

a statistically higher value than the control (Figure 13). 
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Figure 13. Comparison of the conjugated diene levels (E1cm
1%/mg protein/g tissue) in the 

control, one-week-, two-week-, and four-week-STZ treated rats (∗∗ p < 0.01, ∗∗∗ p < 0.001). 

 

5.1.5. TBARS determination 

MDA is frequently determined as an indicative endogenous metabolite resulting in 

lipids oxidation by reactive oxygen species (106, 123). It is a reactive carbonyl compound, 

readily reacting with nucleophilic sites of proteins and other cellular macromolecules. 

Accordingly, the MDA test-results indicate the steady-state lipid-peroxide levels, which can 

undergo rearrangements to form MDA under the test conditions. Our results showed a 

continuous slight increase in the MDA (TBARS) levels in each organ. The TBARS levels of 

the four-week STZ-treated small intestine and kidney samples significantly differ from the 

control (Figure 14). 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Control 1wk STZ 2wk STZ 4wk STZ

E 1
cm

1
%

/m
g 

p
ro

te
in

/g

Conjugated dienes

Liver Small intestine Kidney

∗∗

∗∗∗
∗∗∗

∗∗∗



41 

 

 

Figure 14. Comparison of the TBARS levels (nmol TBARS /mg protein/g tissue) in control, 

one-week-, two-week-, and four-week-STZ treated rats (∗ p < 0.05, ∗∗ p < 0.01). 

 

5.1.6. Determination of non-protein thiols (NPSH) 

STZ-treatment of the experimental animals decreased the NPSH levels in the liver at the 

one-week and four-week timepoints. In contrast, the two-week STZ liver samples had 

somewhat increased values compared to the control. In the kidney, the NPSH content 

marginally raised at each timepoint. In the small intestine, the NPSH levels in the STZ-treated 

samples increased at each timepoint compared to the control. The lowest values could be 

measured in the two-week STZ-treated samples (Figure 15). 

 

Figure 15. The NPSH quantities (mol GSH/mg protein/g tissue) in control, one-week-, two-
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5.1.7. Determination of hydroxyated phenylalanine derivatives 

 Phenylalanine (Phe) is an essential amino acid that is the physiological precursor of 

para-tyrosine (p-Tyr), dihydroxy-phenylalanine (DOPA), catecholamines, melanine, and 

thyroid hormones (124). Beyond these enzymatic reactions, Phe, due to the nucleophilic 

character of its aromatic ring, is a subject of non-enzymatic oxidation processes, i.e., the attack 

of ROS (125). In such reactions, all the three hydroxylated Phe isomers (p-Tyr, m-Tyr, and o-

Tyr) are formed (126). Under our experimental conditions, the relative amount of the m-Tyr, 

and o-Tyr isomers, formed in non-enzyme-catalyzed hydroxylation reactions, increased at the 

two- and four-week timepoints in each investigated organ (Figure 16). 

Figure 16. The relative amount of the m-Tyr + o-Tyr to Phe and p-Tyr (nmol/mmol) in control, 

one week-, two week-, and four week-STZ treated rats (∗ p < 0.05, ∗∗ p < 0.01). 
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5.2. In vitro investigation of non-enzyme catalyzed (Fenton and Udenfriend) 

oxidation of ibuprofen  

5.2.1. Fenton test 

Based on earlier investigation upon how the ratio of the molar concentration of the 

substrate (salicylic acid) to the iron (II) ion in the Fenton test affects the effectiveness of the 

hydroxylation reaction. The present investigations were performed using the more effective 

conditions, using the substrate: iron (II): hydrogen peroxide molar ratio as 1:3:1 (111). 

For high-performance liquid chromatography with UV detection (HPLC-UV) analysis 

of the samples, a gradient method (Method I) was developed to separate the available oxidative 

metabolites of IBP. The available and separated oxidative metabolites of ibuprofen in this 

experiment are 1-hydroxyibuprofen (1-OH-IBP) (2), 2-hydroxyibuprofen (2-OH-IBP) (3), 3-

hydroxyibuprofen (3-OH-IBP) (4), and carboxyibuprofen (HOOC-IBP) (5) (Figure 17).  

 

Figure 17. HPLC-UV chromatogram (Method I) of IBP and oxidative metabolites of IBP in 

ACN (30 μg mL-1 each). The retention times (tR) of the separated standards are as follows: 3-

OH-IBP (4) (3.89 min), SA (internal standard) (7.73 min), 2-OH-IBP (3) (14.96 min), HOOC-

IBP (5) (18.15 min), 1-OH-IBP (2) (19.85 min), and IBP (1) (23.70 min). 

 

HPLC-UV analysis (Method I) of the Fenton extracts indicated the formation of 1-HO-

IBP (2), 2-OH-IBP (3), and several other products (Figure 18). To verify the structures of 2 and 

3 and identify other oxidation products, a high-performance liquid chromatographic analysis 

using mass spectrometric detection (HPLC-MS) of the extracts was performed. HPLC-MS 

investigations of the extracts confirmed the presence of 2 (m/z 221.1176), 3 (m/z 221.1176), 

and HOOC-IBP (5) (m/z 235.0969) (Figures 19-21). 



44 

 

 

Figure 18. A. HPLC-UV chromatogram (Method I) of the blank Fenton extract. Salicylic acid 

(internal standard) tR=7.74 min. B1 and B2. HPLC-UV chromatogram (Method I) of the Fenton 

extract of IBP (80-minute). Salicylic acid (internal standard) tR=7.69 min, 2-hydroxyibuprofen 

(3) tR=14.94 min, 1-hydroxyibuprofen (2) tR=19.92 min, dihydroxyibuprofen (10) tR=21.09 

min, aromatic-hydroxylated ibuprofen (8) tR=22.05 min, ibuprofen tR=23.68 min. 
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Figure 19. HPLC-MS spectrum of the 1-hydroxyibuprofen (2) (1-OH-IBP) standard. 

(C13H17O3; Exact mass: 221.1178) Mass error: -0.90 ppm. (The m/z 204.9982 signal is a 

background ion.). The following ion-signals are formed in the ionization source: 443.2436: 

[2M-H]-, 221.1176: [M-H]-, m/z 204.9982: unknown; fragments m/z 177.1274: [M-H-CO2]
-, 

m/z 159.1168: [M-H-CO2-H2O]-. 

 

 

Figure 20. HPLC-MS spectrum of the 2-hydroxyibuprofen (3) (2-OH-IBP) standard. 

(C13H17O3; Exact mass: 221.1178) Mass error: -0.45 ppm. (The m/z 204.9982 signal is a 

background ion.) The following ion signals are formed in the ionization source: 443.2437: [2M-

H]-, 221.1177: [M-H]-, m/z 204.9982: unknown, m/z 133.0645: unknown. 
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Figure 21. HPLC-MS spectrum of the carboxyibuprofen (5) (HOOC-IBP) standard. (C13H15O4; 

Exact mass: 235.0970) Mass error: -0.43 ppm. The m/z 204.9982 signal is a background ion.) 

The following ion signals are formed in the ionization chamber: 471.2020: [2M-H]-, 235.0969: 

[M-H]-, m/z 204.9982: unknown, m/z 191.1068: [M-H-CO2]
-. 

 

In the mass spectra of standards 2 (Figure 19), 3 (Figure 20), and 5 (Figure 21), the peak 

of m/z 204.9982 systematically appears without collision of the compounds. The exact mass of 

ibuprofen (in negative mode) is 205.1229 amu. The m/z 204.9982 is 608 ppm smaller. Since 

MS measurements were performed with an instrument with high mass accuracy, the m/z 

204.9982 peak was defined as unknown. 

The derivative (8) with the highest HPLC-UV integrated peak area (tR=22.05 min) 

couldn’t be unambiguously identified (Figure 22). The formed product (X-OH-IBP) has a mass 

of m/z 221.1175, and its fragmentation makes no distinction between the 2’-OH-IBP and 

OH(Ar)-IBP structures (Figures 23.A and 23.B). 
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Figure 22. Change in the HPLC-UV integrated peak areas (relative to the internal standard) of 

the 2-OH-IBP (3), 1-OH-IBP (2), OH-IBP-OH (10), and the X-OH-IBP (8) derivatives 

ibuprofen(IBP)-metabolites in the diethyl ether extracts of Fenton incubation mixtures (Method 

I). 

 

 

Figure 23.A. HPLC-MS spectrum of the hydroxylated ibuprofen (8) (X-OH-IBP) derivative. 

(C13H17O3; Exact mass: 221.1178) Mass error: -1.36 ppm. The following ion signals are formed 

in the ionization source:443.2433: [2M-H]-, 221.1175: [M-H]-, m/z 177.1274: [M-H-CO2]
-. 
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Figure 23.B. HPLC-MS fragmentation of the hydroxylated ibuprofen (8) (X-OH-IBP) 

derivative. (C13H17O3; Exact mass: 221.1178). 

Another IBP-derived HPLC-UV peak (tR=21.09 min) was identified as a 

dihydroxibuprofen (10) (OH-IBP-OH) derivative (m/z 237.1125) (Figure 24). Determination 

of the exact structures needs further investigation. The change in HPLC-UV integrated peak 

areas of 2, 3, 8, and 10 (relative to that of the internal standard) as a function of incubation times 

is shown in Figure 22. 

 

Figure 24. HPLC-MS spectrum of the dihydroxyibuprofen (10) (OH-IBP-OH) derivative. 

(C13H17O4; Exact mass: 237.1127) Mass error: -0.84 ppm. The following fragments are formed 

in the ionization source: 237.1125: [M-H]-, m/z 193.1224: [M-H-CO2]
-. 
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5.2.2. Udenfriend's test 

Using the in vitro non-enzyme-catalyzed hydroxylation test developed by Udenfriend 

et al. (127, 128), a similar oxidative metabolic pattern (HPLC-UV, Method I) of ibuprofen could 

be observed. Like the Fenton incubations, the derivatives with the tR values of 22.03 min (8) 

and 21.07 min (10) were those with the highest HPLC-UV peak areas (Figure 25). 2-HO-IBP 

(3) was formed in lower amounts than in the respective Fenton-samples (Figure 26). 1-OH-IBU 

(2) couldn’t be detected. HPLC-MS investigations of the samples confirmed the presence of 

the 2, 3, 5, 8, and 10 derivatives (Figures 19-21, 23-24). 

 

Figure 25. A. HPLC-UV-Vis chromatogram (Method I) of the blank Udenfriend extract. 

Salicylic acid (internal standard.) tR=7.74 min. B1 and B2. HPLC-UV chromatogram (Method 

I) of the Udenfriend extract of IBP (80-minute). Salicylic acid (internal standard) tR=7.71 min, 

2-hydroxyibuprofen (3) tR=14.92 min, dihydroxyibuprofen (10) tR=21.07 min, aromatic-

hydroxylated ibuprofen (8) tR=22.03 min, ibuprofen tR=23.68 min. 
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Figure 26. Change in the HPLC-UV integrated peak areas (relative to the internal standard) of 

the 2-OH-IBP (3), OH-IBP-OH (10), and the X-OH-IBP (8) derivatives in the diethyl ether 

extracts of the Udenfriend’s incubation mixtures (Method I). 

 

   

5.3. Investigation of the main oxidative and conjugated metabolites of ibuprofen in 

small intestine perfusates and bile of control and hyperglycemic rats 

For HPLC-UV analysis of the biological samples, a gradient method was developed 

(Method II) to separate the oxidative metabolites and the glucuronide conjugate of IBP (Figure 

27). HPLC-UV analysis of the ether extract of the intestinal perfusate samples of the control 

and the hyperglycemic animals did not indicate either hydroxy- or carboxyibuprofen 

metabolites (Figures 28-30). Contrary to our previous HPL-UV measurements (115), however, 

ibuprofen-β-D-glucuronide (6) (m/z 381.1549) could be identified by HPLC-MS in the 

perfusate of both the control and the STZ-treated animals (Figure 31). 
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Figure 27. HPLC-UV chromatogram (Method II) of the main oxidative metabolite and the IBP-

GLU standards of IBP in ACN (30 μg mL-1 each). The retention times of the separated standards 

as follows: (1) 3-hydroxyibuprofen (tR=1.50 min), (2) salicylic acid (internal standard) (tR=4.92 

min), (3) 2-hydroxyibuprofen (tR=7.85 min), (4) carboxyibuprofen (tR=8.45 min), (5) 1-

hydroxyibuprofen (tR=9.63 min), (6) ibuprofen-β-D-glucuronide (tR=11.87 min), (7) ibuprofen 

(tR=13.67 min). (The negative peak in the chromatogram is due to the quick change of mobile 

phase (solvent B) in the gradient profile) 

 

 

 

Figure 28. HPLC-UV chromatogram (Method II) of the intestinal perfusate extract of the 

control rats. (The negative peak in the chromatogram is due to the quick change of mobile phase 

(solvent B) in the gradient profile.) 
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Figure 29. A. HPLC-UV chromatogram (Method II) of the intestinal perfusate extract of the 

control rats (0 minute). (1) Salicylic acid (internal standard) tR=4.35 min, (2) ibuprofen tR=13.40 

min. B. HPLC-UV chromatogram of the intestinal perfusate extract of the STZ-treated rats (0 

minute). (1) salicylic acid (internal standard) tR=4.50 min, (2) ibuprofen tR=13.40 min. (The 

negative peak in the chromatogram is due to the quick change of mobile phase (solvent B) in 

the gradient profile.) 
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Figure 30. A. HPLC-UV chromatogram (Method II) of the intestinal perfusate extract of the 

control rats (90 minute). (1) Salicylic acid (internal standard) tR=4.34 min, (2) ibuprofen 

tR=13.39 min. B. HPLC-UV chromatogram (Method II) of the intestinal perfusate extract of the 

STZ-treated rats (90 minute). (1) salicylic acid (IS) tR. 4.46 min, (2) ibuprofen tR=13.38 min. 

(The negative peak in the chromatogram is due to the quick change of mobile phase (solvent 

B) in the gradient profile.) 

 

B 
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Figure 31. HPLC-MS spectrum of the ibuprofen-β-D-glucuronide (6) (IBP-GLU)) standard. 

(C19H25O8; Exact mass: 381.1549). Mass error = 0.79 ppm. The following ion signals are 

formed in the ionization source: m/z 763.3177: [2M-H]-, m/z 204.9982: unknown. 

 

HPLC-UV analysis of the ether extract of bile samples showed the presence of IBP (1),  

IBP-GLU (6), and 2-OH-IBP (3). HPLC-MS analysis confirmed the presence of 1 (m/z 

205.1229), 6 (m/z 381.1549), and 3 (m/z 221.1178) in both the control and the hyperglycemic 

samples. To keep the number of experimental animals low, the results were evaluated by 

comparing the integrated HPLC-UV peak areas (relative to the internal standard) of the 

compounds. The areas were lower in the bile samples of the STZ-treated animals at each 

investigated timepoint (Figure 32). 
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Figure 32. Change in the HPLC-UV integrated peak areas (relative to the internal standard) of 

ibuprofen (1) and the ibuprofen-metabolites (IBP-GLU (6) and 2-OH-IBP (3)) in the diethyl 

ether extract of bile of control and hyperglycemic (STZ) rats (Method II). 
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Considering the respective bile outflows, the relative amounts of the cumulative 

excretions of the IBP (1), IBP-GLU (6), and 2-HO-IBP (3) were calculated. The result showed 

depression in the biliary excretion of all three compounds in the STZ-treated animals. In earlier 

experiments of our research group (using the same experimental protocol), the cumulative 

biliary excretion of IBP was reduced by 53% (115). The present data indicated similar (58%) 

depression. For IBP-GLU and 2-OH-IBP, the excretion was depressed by 63% and 49%, 

respectively (Figure 33). 

 

 

Figure 33. Cumulative biliary excretion (HPLC-UV (Method II) based integration) of IBP (1), 

IBP-GLU (6), and 2-OH-IBP (3) after the 90 min luminal perfusion of 250 μM IBP in control 

and hyperglycemic (STZ-treated) rats. Each value represents the average of five independent 

experiments ± standard error. Significant difference from the control value: * p < 0.05, ** p < 

0.01. 
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Besides, several other peaks appeared in the extracts (Figures 34-36). Based on the 

HPLC-MS analysis of the samples, these peaks are bile acids and conjugated bile acid 

derivatives. Based on their high-resolution mass spectra, cholic acid (exact mass: 407.2798), 

glycocholic acid (exact mass: 464.3012), taurochenodeoxycholic acid (exact mass: 498.2889), 

and taurocholic acid (exact mass: 514.2839) were identified.

 

 

 

Figure 34. HPLC-UV chromatogram (Method II) of the bile extract of the control rats. 
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Figure 35. A. HPLC-UV chromatogram (Method II) of the bile extract of the control rats (15 

min). (1) Salicylic acid (internal standard) tR=4.52 min, (2) 2-hydroxyibuprofen tR=7.68 min, 

(3) ibuprofen-glucuronide tR=11.78 min, (4) ibuprofen tR=13.41 min. B. HPLC-UV 

chromatogram (Method II) of the bile extract of the STZ-treated rats (15 min). (1) Salicylic acid 

(IS) tR=4.45 min, (2) 2-hydroxyibuprofen tR=7.45 min, (3) ibuprofen-glucuronide tR=11.77 

min, (4) ibuprofen tR=13.36 min. 
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Figure 36. A. HPLC-UV chromatogram (Method II) of the bile extract of the control rats (90 

min).; (1) Salicylic acid (internal standard) tR=4.62 min, (2) 2-hydroxyibuprofen tR=7.61 min, 

(3) ibuprofen-glucuronide tR=11.79 min, (4) ibuprofen tR=13.39 min. B. HPLC-UV 

chromatogram (Method II) of the bile extract of the STZ-treated rats (90 min). (1) Salicylic acid 

(IS) tR=4.48 min, (2) 2-hydroxyibuprofen tR=7.51 min, (3) ibuprofen-glucuronide tR=11.78 

min, (4) ibuprofen tR=13.37 min. 

 

Furthermore, HPLC-MS analysis of the bile samples confirmed the presence of the 

glucuronide conjugate of a hydroxylated ibuprofen (9) (m/z 397.1501) (X-HO-IBP-GLU), and 

the taurine conjugate of ibuprofen (7) (m/z 312.1274) (IBP-TAU) (see Figures 37 and 38, 

respectively). The cumulative biliary excretion of X-OH-IBP-GLU and IBP-TAU in control 

and STZ-treated rats is shown in Figures 33A and 33B. The excreted X-OH-IBP-GLU and IBP-

TAU were depressed by 92% and 98%, respectively (Figure 39). 
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Figure 37. HPLC-MS spectrum of the hydroxyibuprofen-glucuronide (9) (X-OH-IBP-GLU) 

derivative. (C19H25O9; Exact mass: 397.1499) Mass error: 0.50 ppm. 

 

 

 

Figure 38. HPLC-MS spectrum of the ibuprofen-taurate (7) (IBP-TAU) derivative. 

(C15H22NO4S; Exact mass: 312.1270). Mass error: 1.60 ppm. The unknown signals are from 

the background. 
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Figure 39. Cumulative biliary excretion (HPLC-MS based integration) of the (A) X-OH-IBP-

GLU (9) and (B) IBP-TAU (7) after the 90 min luminal perfusion of 250 μM IBP in control 

and hyperglycemic (STZ) rats. Each value represents the average of five independent 

experiments ± standard error. Significant difference from the control value: ** p < 0.01. 

 

5.4. Investigation of the ratio of R(-) and S(+)-ibuprofen in small intestinal perfusates 

and bile of control and hyperglycemic rats 

Figure 40 shows the HPLC-UV chromatogram of the two ibuprofen enantiomers and 

naproxen (used as internal standard) extracted from the control perfusion medium (Figure 40A) 

and the control bile (Figure 40C). The blank control (buffer perfused through isolated small 

intestine of not treated rat) doesn't have any interfering peak (Figure 40B). The blank control 
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bile (biliary excretion collected from the bile duct) doesn't have any interfering peak (Figure 

40D). 

 

 

 

 

Figure 40. (A) HPLC-UV chromatogram of the two IBP enantiomers ((R)-IBP (1) tR=14.5 min, 

(S)-IBP (2) tR=16.72 min and NAP (3) tR=20.3 min), extracted from the spiked control perfusion 

medium of non-treated animal, (B) extracted from the blank control perfused medium of non-

treated animal, (C) the two IBP enantiomers ((R)-IBP (1) tR=14.4 min, (S)-IBP (2) tR=16.61 

min and NAP (3) tR=20.18 min), extracted from the spiked control bile of non-treated animal; 

(D) extracted from the blank control bile of non-treated animal. 
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According to the applied method by the chiral column brand (Kromasil application 

note), the two ibuprofen enantiomers were separated (118). The identification of the ibuprofen 

enantiomers was confirmed based on the available (S)-IBP standard and naproxen as the 

internal standard (Figure 41). 

 

Figure 41. (A) HPLC-UV chromatogram of the (S)-IBP (tR=16.85 min) in methanol, (B) the 

naproxen (tR=20.44 min) in methanol, (C) the racemic IBP ((R)-ibuprofen (1) tR=14.59 min, 

(S)-ibuprofen (2) tR= 16.86 min) and naproxen (3) (tR= 20.43 min) dissolved in the mobile 

phase. 
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HPLC chromatograms of the intestinal perfusates of the control and the STZ-treated 

(hyperglycemic) rats at the 0, 29, and 90-minute timepoints are shown in Figures 42 and 43, 

respectively. The cumulative peak areas of the R(-)- and S(+)-ibuprofen enantiomers are shown 

in Figure 44. The cumulative disappearance of both ibuprofen enantiomers was depressed in 

the hyperglycemic rats. 

 

Figure 42. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM racemic 

IBP spiked with 250 μM NAP (IS) at (A) 0 minute: (R)-IBP (1) (tR=14.52 min), (S)-IBP (2) 

(tR=16.75 min), NAP (3) (tR=20.35 min); (B) 29-minute: (R)-IBP (1) (tR=14.53 min), (S)-IBP 

(2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90 minute: (R)-IBP (1) (tR=14.54 min), 

(S)-IBP (2) (tR=16.78 min), NAP (3) (tR= 20.35 min) of control rats. 
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Figure 43. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM racemic 

IBP spiked with 250 μM NAP (IS) at (A) 0 minute: (R)-IBP (1) (tR=14.52 min), (S)-IBP (2) 

(tR=16.75 min), NAP (3) (tR= 20.35 min); (B) 29-minute: (R)-ibuprofen (1) (tR=14.53 min), (S)-

IBP (2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90 minute: (R)-IBP (1) (tR=14.51 

min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min) of hyperglycemic rats. 
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Figure 44. The total concentration of the (R)-IBP and (S)-IBP in the intestinal perfusion 

medium of control and hyperglycemic rats extracts (n=4). 

 

 

Concentrations of the IBP enantiomers in the perfusions of the control and 

hyperglycemic rats are shown in Figure 45. The relative amount of the (S)-IBP enantiomer in 

the control animals was slightly higher from the 22 minute to the 45 minute timepoints of the 

experiments; however, the difference cannot be assessed statistically (Figure 45A). Such a 

change couldn't be observed in the samples of the hyperglycemic rats (Figure 45B). 
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Figure 45. Concentrations of the IBP enantiomers in the extracts of the intestinal perfusates of 

the control (4A) and hyperglycemic (4B) rats (n=4). 

 

In the bile samples collected during the intestinal perfusion of racemic IBP, only the (S)-

IBP enantiomer could be detected. HPLC chromatograms of bile samples of control and 

hyperglycemic rats at the 30, 60, and 120 minute timepoints are shown in Figures 46 and 47, 

respectively. In the chromatograms, two unknown peaks also appeared. Based on their relative 

retention times (compared to the IS), none of them could be identified by the available standards 

(IBP, 1-, 2-, 3-OH-IBP, and IBP-GLU). The concentrations of the (S)-IBP enantiomer measured 

in the bile samples of control and hyperglycemic rats are shown in Figure 48. The biliary 

excretion (S)-IBP was statistically lower in the hyperglycemic (STZ-treated) animals. 
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Figure 46. (A) HPLC-UV chromatogram of 250 μM of racemic IBP ((R)- (1) tR=14.45 min, 

(S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-UV 

chromatograms of bile extract at (B1) 30 minute: unknown peak (1) (tR=7.68 min), unknown 

peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.75 min), NAP (4) (tR=20.33 min); (B2) 60 minute: 

unknown peak (1) (tR= 7.68 min), unknown peak (2) (tR=15.72 min), (S)-IBP (3) (t.= 16.76 

min), NAP (4) (tR=23.35 min); and (B3) 120 minute: unknown peak (1) (tR=7.69 min), 

unknown peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.76 min), NAP (4) (tR=20.36 min) of 

control rats. 
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Figure 47. (A) HPLC-UV chromatogram of 250 mM of racemic IBP ((R)- (1) tR=14.45 min, 

(S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-UV 

chromatograms of excreted bile extract at (B1) 30 minute: unknown peak (1) (tR=7.68 min), 

(S)-IBP (2) (tR=16.72 min), NAP (3) (tR=20.3 min); (B2) 60 minute: unknown peak (1) (tR=7.66 

min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min); and (B3) 120 minute: unknown peak 

(1) (tR=7.66 min), (S)-IBP (2) (tR=16.75 min), NAP (3) (tR=20.32 min) of hyperglycemic rats. 

A 
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Figure 48. The concentration of (S)-IBP in the extracts of the bile samples of control and 

hyperglycemic animals (n=4). Significant differences from the control value: ∗ p < 0.05, ∗∗ p 

< 0.01, and ∗∗∗ p < 0.001. 

 

The cumulative excretion of (S)-IBP in the extracts of the bile samples of control and 

hyperglycemic rats is shown in Figure 49. The cumulative excretion of the IBP enantiomer was 

statistically lower in the hyperglycemic rats. 

 

 

Figure 49. The cumulative excretion of (S)-IBP enantiomer in the extracts of the bile samples 

of control and hyperglycemic rats (n=4). Significant differences from the control value: ∗ p < 

0.01. 
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6. Discussion 

Several investigators have studied the effect of diabetes on human whole-body protein 

metabolism in humans. These studies demonstrated increased protein breakdown as well as 

improved protein synthesis. Net protein catabolism occurs in T1DM patients during insulin 

deprivation because protein breakdown is more significant than protein synthesis (129). 

According to these previous observations, the present results showed that the protein content of 

the small intestine and the kidney were reduced under the hyperglycemic condition. On the 

contrary, no such degree of reduction in the protein content in the liver was observed (Figure 

11). This latter observation can be explained by the major role of the liver in synthesizing 

proteins. 

Proteins are one of the endogenous targets of oxidative stress. Available cysteine 

residues can easily form disulfide derivatives with the thiol functions of other proteins or 

glutathione (GSH). GSH can also be oxidized to the respective disulfide (GSSG) in reaction 

with various endogenous and exogenous oxidizing agents. Lysine and proline residues are the 

most important precursors of protein carbonylation by the oxidative formation of aldehydic 

derivatives (130). The most common method to analyze these latter derivatives is their reaction 

with 2,4-dinitrophenylhydrazine (DNPH). The resulting hydrazones (prot-DNPH) can be 

quantified by spectroscopic, immunological, or mass spectrometric techniques. 

UV-Vis determination of carbonyl content of proteins by the DNPH method indicated 

increased protein oxidation at each timepoint in each organ (Figure 12). The kidney seemed the 

least sensitive to protein oxidation at each timepoint. Such resistance of proteins can be 

explained by the high turnover of the antioxidant amino acids, such as lysine, proline, and 

cysteinyl-glycine (131). The time dependence of the protein-content-based amount of the 

DNPH-reactive protein carbonyls showed some characteristic differences: 1. In the liver and 

the small intestine, the highest amounts could be detected at the two-weeks timepoint. The 

initial increase slightly dropped by the end of the fourth week. 2. In the kidney, contrary to the 

other two organs, the level of the oxidized protein content slightly and continuously increased. 

Our previous metabolic studies were performed after one week of the STZ treatment of the 

experimental animals (113-115, 132, 133). The data indicate a substantial increase of the protein 

oxidation products in the liver (35.7%) and the small intestine (80.7%) at this timepoint (Figure 

12). 
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Peroxidative degradation of membrane lipids is another consequence of oxidative stress. 

It is initiated by (a) free radical species such as peroxyl radicals, hydroxyl radicals, and metal-

oxyl radicals derived from the iron-mediated reduction of hydrogen peroxide or (b) non-radical 

species such as singlet oxygen, ozone, and peroxynitrite generated by the reaction of superoxide 

with nitric oxide (134). The most prevalent radical species that can profoundly affect lipids are 

mainly hydroxyl radicals (•OH). Radical initiators can abstract a hydrogen atom from the allylic 

position of polyunsaturated fatty acids. As a result, lipid hydroperoxides (LOOHs) - as primary 

oxidation products - are formed, and simultaneous rearrangement of the neighboring (non-

conjugated) double bonds results in a conjugated diene moiety. Conjugated dienes have 

characteristic UV absorption around 230 nm (135). 

Lipid hydroperoxides, like hydrogen-peroxide, are mild oxidative agents; however, they 

can be reduced to the respective alcohols (134). These primary lipid oxidation products can also 

undergo several decomposition pathways, resulting in - among others – an endogenous level of 

malondialdehyde (MDA). The endogenous MDA can be involved in enzymatic oxidation, 

reduction, addition, and condensation with cellular nucleophiles (47, 136, 137). One of the most 

frequently used methods to measure a tissue sample's lipid-derived total carbonyl content is the 

thiobarbituric acid (TBA) test. However, most of the MDA measured with the TBA test is 

formed from the more stable fatty acid hydroperoxides under the strong acid test conditions 

(138). Besides MDA, TBA also forms colored adducts with other compounds, including sugars, 

amino acids, and other aldehydic lipid oxidation products; this leads to the overestimation of 

MDA by the TBA test (138, 139). Thus, the results of this test are appropriately reported as 

thiobarbituric acid-reactive substances (TBARS) rather than MDA (140). 

As Figure 13 shows - similar to the protein oxidation, it was the liver and the small 

intestine where the highest conjugated diene-level elevations in the STZ-treated animals were 

observed at the two-week timepoint. The small intestine proved to be the most sensitive organ 

showing a 55.3%, 160.5%, and 136.8% increase in the conjugated diene level at the one, two, 

and four-week timepoints, respectively. The highest elevation in the liver and kidney could be 

obtained in the four-week samples (Figure 13). 

Comparing the increase of the conjugated dienes (Figure 13) to that of the respective 

TBARS levels (Figure 14) showed a relatively lower increase in the TBARS levels. At the first 

week timepoint, increased MDA levels could be observed in the liver and the kidney but not in 

the small intestine. The moderately increased levels can be explained by the effective 

elimination of the formed lipid hydroperoxides by catalase (in liver and kidney), and selenium-
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dependent GSH-peroxidase (GPX2) (gastrointestinal system) (141), and the high reactivity of 

MDA with the endogenous lysine and arginine units (142). In the later timepoints, however, the 

oxidative stress caused by the high glucose levels can also contribute to the formation of 

oxidized lipids, resulting in increased MDA levels (3). 

Furthermore, it is reasonable to presume that the continuous food cysteine supply (2800 

mg/kg) provides enough reducing (thiol) equivalent to convert a part of the conjugated lipid-

hydroperoxides to the respective alcohols (41). These latter derivatives increase the conjugated 

diene level but can’t be converted to MDA. In agreement with this explanation, the intestinal 

non-protein thiol level increased in the highest ratios in the small intestine over the four-week 

experiment (Figure 15). Like the conjugated diene level, the highest TBARS level in the kidney 

could be observed at the four-week timepoint. 

Non-protein thiols (NPSH) are one of the most potent cellular antioxidants. . 

Glutathione (GSH) is the most widespread low-molecular-weight antioxidant in the liver and 

kidney. The NPSH level declined after the one-week STZ treatment in the liver but not in the 

small intestine and the kidney (Figure 15). The reduction of NPSH levels in the liver can be 

associated with the high glutathione level and glutathione peroxidase (GPx) activity in this 

organ (143). Thus, the major portion of the decline in the hepatic NPSH level is due to the GSH-

dependent detoxification of the reactive oxygen species (ROS). The initial drop in the NPSH 

level increased by the end of the second week through a negative feedback mechanism. After 

this characteristic increase, however, the hepatic GSH level dropped below the control (4th 

week), probably due to dysregulation of GSH synthesis by the chronic hyperglycemia (144). A 

similar decline was not observed either in the small intestine or the kidney. These observations 

can be explained by the different GSH levels and GPx activity in these two organs. The kidneys 

are characterized by a lower GSH concentration than the liver and the highest level of cysteine 

(CYS) among all body tissues (145). The kidneys’ NPSH level depends highly on an adequate 

supply of glutathione (GSH) to maintain normal function (146). Thus, the elimination of ROS 

can not be effectively catalyzed by the GSH/GPx pathway in this organ. 

In contrast to the liver, the intestine has extremely low GSH peroxidase activity (143). 

Thus, this organ has a limited capability to utilize non-protein thiols to protect against oxidative 

toxicity. Furthermore, the NPSH level was higher than the control over the investigation period. 

This observation can be explained by the continuous food methionine supply. 
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Phenylalanine (Phe) is an essential amino acid, which is, among others, converted to p-

Tyr in an enzyme-catalyzed reaction. The nucleophilic aromatic ring can react with hydroxyl 

radicals in an addition reaction, and the primary adducts are stabilized as o-, m-, and p-

hydroxylated phenylalanines (o-Tyr, m-Tyr, and p-Tyr) (147). Accordingly, o- and m-Tyr are 

specific, stable hydroxyl radical markers (148). As shown in Figure 16, the o-Tyr+m-Tyr/p-Tyr 

(or the o-Tyr+m-Tyr/Phe) ratios slightly decreased at the one-week timepoint of the STZ 

treatment. Similar to the Prot-DNPH (Figure 12) and the TBARS levels (Figure 14), the ratios 

substantially increased in all three organs at the two-week timepoint. A similar tendency of the 

three parameters could be observed at the four-week timepoint: while the values were somewhat 

reduced in the liver and the small intestine, they further increased in the kidney. The 

observations give further experimental evidence of the usefulness of the three parameters to 

characterize the oxidative state of the investigated organs. 

Diabetic patients are at all time at risk of complications. Complications may be 

macrovascular (coronary heart disease, peripheral vascular disease, and stroke), microvascular 

(neuropathy, retinopathy, and nephropathy), and both micro- and macro-vascular (diabetic 

foot). It is believed that oxidative stress plays an important role in the development of these 

vascular complications (149). Concerning oxidative stress-induced nephropathy, the present 

data support this theory. The oxidized protein (Figure 12), conjugated dienes (Figure 13), 

TBARS level (Figure 14), and the o-Tyr+m-Tyr/p-Tyr ratio (Figure 16) steadily increased. On 

the contrary, the renal GSH didn’t show a significant difference over time (Figure 16). 

Alterations in renal mitochondrial GSH status appear to be associated with chronic 

hyperglycemia, although the underlying mechanism for these changes has not been established 

(149). Earlier, Lash et al. reported significantly higher mitochondrial GSH contents in the 

kidneys of diabetic rats compared with those of control rats. On the other hand, primary cultures 

of renal proximal tubular cells from STZ-treated diabetic rats exhibited higher levels of reactive 

oxygen species and were more sensitive to oxidant-induced injury than cells from control rats 

(150). The authors interpreted these findings that the compensatory increases in mitochondrial 

GSH transport and content are insufficient to counteract the oxidative stress induced by the 

chronic hyperglycemic state (151). 

Since the liver is the main site of enzymatic drug (xenobiotic) metabolism, the observed 

changes in this organ need special attention. The reduced protein (Figure 11) and GSH content 

(Figure 15), the increased protein oxidation (Figure 12), conjugated diene (Figure 13), and 

TBARS (Figure 14) levels are in accordance with the oxidative stress developing in this organ 
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by the end of the first week after the STZ treatment. The results are in agreement with our 

previous experimental findings demonstrating decreased expression of the efflux transporters 

Mdr1 (P-gp), Mrp2, and Bcrp in the liver of the STZ-treated (hyperglycemic) animals (115). 

On the contrary, aromatic (Phe) hydroxylation was reduced at the one-week timepoint. 

It suggests that the lipids (152) and the proteins (153) are more vulnerable to hydroxyl radical 

attack than the aromatic rings. This might be the reason (at least in part) for the lack of biliary 

detection of hydroxylated ibuprofen metabolites formed in non-CYP-catalyzed reactions (133). 

Ibuprofen (IBP) undergoes extensive Phase I and Phase II biotransformation to the main 

metabolites 1-OH-IBP (2), 2-OH-IBP (3), HOOC-IBP (5), and IBU-GLU (6) (84, 85, 88). In 

humans, the CYP2C9 isoform plays the most important role in the oxidative metabolism of 

IBP, mediating the 2- and 3-hydroxylations and the subsequent 3-oxidation in the liver (86, 

154). Additional CYPs, particularly CYP2C8, may also play a role in these biotransformations 

(87, 154). The enzyme responsible for 1-OH-IBP (2) formation has not been identified (155, 

156). 

The most abundant CYP2C isoform in rats is CYP2C11, whereas the other isoforms 

were present at much lower levels. The human CYP2C9 and CYP2C8 proteins are orthologous 

to the rat CYP2C12 and CYP2C11 (157). After oral administration, IBP appeared mainly in 

unchanged form in the plasma of rats. In addition, two metabolites, 2-OH-IBP (3) and HOOC-

IBP (5), were found in the plasma and the urine (158). Yamazoe et al. studied the effect of 

alloxan and STZ on the expression of hepatic CYP enzymes in rats. In most cases, the 

expression of the CYP proteins was either not affected or depressed (159). Later, Shimojo 

reviewed the effects of hyperglycemia on rat hepatic CYP expressions. According to the 

reviewed publications, the amount of CYP2C11 and CYP2C13 was suppressed, while 

CYP2C12 did not change or somewhat increased (74). Recently, Yang and Liu reviewed the 

effect of diabetes on the drug transporter-CYP interplays. They referred to further studies 

demonstrating lowered expression of hepatic CYP2C11 in diabetic rats (160). Accordingly, 

decreased levels of hydroxylated IBP metabolites formed in CYP-catalyzed reactions can be 

rationalized. 

During inflammation, for example, stimulated polymorphonuclear leukocytes (PMN) 

and macrophages produce large amounts of superoxide ions and hydrogen peroxide (161). 

There are many examples of exogenous H2O2 initiating redox signals or stress responses. 

Furthermore, receptor-mediated redox signaling is widely regarded as involving endogenously 
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generated H2O2 (161, 162). On the other hand, many of the biologically damaging effects of 

H2O2 depend on transition metals such as iron and copper, which cleave the peroxide bond to 

generate hydroxyl radicals or activated metal complexes (163). Hydroxyl radicals are powerful 

electrophilic reactants that can oxidize endogenous or exogenous molecules. Therefore, the 

importance of non-enzymatic oxidation can be particularly significant at the sites of 

inflammation (164). 

To model non-enzymatic oxidation, oxidation products of IBP formed under the 

conditions of the Fenton reaction (36) and Udenfriend’s oxidation (127, 128) were investigated 

by HPLC-UV and HPLC-MS methods. Fenton reaction is a tool for modeling oxidative stress 

by forming hydroxyl radicals in a reaction of hydrogen peroxide and some transitional metals. 

The key features of the reaction are believed to be the reaction conditions, such as reagent 

concentrations, pH, and temperature (165). Earlier, these reactions were applied to study the 

oxidative transformation of salicylates (111, 112). 

Fenton oxidation of IBP resulted in the formation of several products. Among them, 1-

OH-IBP (2), 2-OH-IBP (3), and HOOC-IBP (5) were identified by HPLC-UV and HPLC-MS. 

Among these products, 1-OH-IBP (2) was found in the largest amount (Figure 22). Besides, a 

small amount of a dihydroxyibuprofen (tR=8.91 min) (10) and a significant amount of a new 

hydroxyl-substituted derivative (tR=9.24 min) (8) were found. Hydroxyl radicals have been 

reported to react with IBP to form 1-OH- (2), 2’-OH-, and OH(Ar)-IBP derivatives (166). Based 

on the HPLC retention time (tR= 9.24 min), the new hydroxyl-derivative could be the 2’-OH-

IBP or an OH(Ar)-IBP. As shown in Figure 23B, the main fragment ion (C12H17O; m/z 

177.1251) is formed by CO2 loss of the hydroxylated IBP derivative (m/z 221.1175). The CO2 

loss occurs already in the ionization source (Figure 23A). The other main decomposition peak 

(m/z 119.0472) corresponds to a C8H7O (vinyl phenol or acetophenone; exact mass: m/z 

119.0497, mass error: -21.0 ppm) fragment (167). Although the m/z 149.0576 peak can be 

assigned as a C9H9O2 fragment (exact mass m/z 149.0603; mass error:-18.1 ppm), the exact 

structure of the formed product can not be unambiguously determined. Since H-abstraction is 

thermodynamically more favored than •O.H. addition, and its reaction rate is an order of 

magnitude higher (168, 169), the new hydroxylated product was tentatively identified as the 2’-

OH-IBP (Figure 23A and 23B). Further investigations are to be performed to prove the results 

of the theoretical calculations experimentally. 1,2-Dihydroxyibuprofen was reported to form in 

the biodegradation of IBP (170). 
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Udenfriend et al. described a system consisting of EDTA, ascorbic acid, molecular 

oxygen, and iron(II) ion, which would serve as a model of the biomimetic hydroxylation of 

organic substrates (127, 128). Ito et al. demonstrated that the reactive species are hydroxyl 

radicals (trapped by different aliphatic alcohols) in both the Fenton’s and the Udenfriend’s 

reagents (171). Udenfriend’s oxidation of IBP resulted in the formation of products similar to 

those formed in the Fenton’s incubations (Figure 26). Based on this observation, it is reasonable 

to presume that the reactive species are the same in both reactions. The above results indicate 

that in vivo Fentone-type (165, 172) or Udenfriend type (173) non-enzymatic hydroxylation of 

IBP – based on measurement of 8 and/or 9 - can be used as an early sign of oxidative stress 

conditions. 

While analyzing the 250 M ibuprofen containing intestinal perfusates of control and 

STZ-treated hyperglycaemic rats, none of the oxidative metabolites (formed in CYP-catalyzed 

or none-CYP-catalyzed reactions) of IBP (1) could be detected by HPLC-UV or HPLC-MS. 

Contrary to the previous (115) (and the present) HPLC-UV measurements, IBP-GLU (6) 

conjugate could be detected and identified in the perfusates by HPLC-MS. This result indicates 

the formation of 6 in the rat's small intestine, which couldn’t be detected by the less sensitive 

UV detection. 

 HPLC-UV analysis of the collected bile samples showed the presence of IBP (1), IBP-

GLU (6), and 2-OH-IBP (3). HPLC-MS analysis of the bile samples of both the control and the 

hyperglycemic group of animals confirmed the presence of the three compounds. According to 

our previous results (115), excretion of both 1 and 6 into the bile decreased in experimental 

diabetes. Similarly, biliary excretion of 3 was also reduced in the hyperglycemic rats (Figure 

33). In our earlier experiments, the biliary excretion of 4-nitrophenol and its glucuronic acid 

and sulfate conjugates were significantly decreased in diabetic rats (114). 

Besides the above, the glucuronide conjugate of a hydroxylated IBP (9) and the taurine 

conjugate of IBP (7) could also be identified by HPLC-MS (Figures 36 and 37). Earlier, Shirley 

et al. reported on the formation of IBP-CoA and IBP-TAU (7) in in vitro incubations using rat 

hepatocytes (91). Like those results, HPLC-MS analysis of our bile samples indicated the 

presence of IBP-TAU (7) but not that of the glycine conjugate (IBP-GLY). To the best of our 

knowledge, this is the first in vivo observation of the excretion of IBP-TAU into the bile. 

The excreted amounts of 9 and 7 were significantly lower in the STZ-treated rats’ bile 

samples. Although the bile outflow was slightly increased in the STZ-treated animals over the 

studied period, a comparison of the relative amounts of the excreted 9 and 7 (based on the 
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HPLC-MS data) indicated reduced excretion of IBP-TAU in the STZ-treated animals (Figure 

39). Depression of biliary excretion of IBP-TAU can be explained by the earlier results related 

to the reduced biliary excretion of IBP and IBP-GLU in hyperglycemic rats (174-176). 

Hasegawa et al. reported that the hepatic expression of the efflux transporter MRP2 is decreased 

in the STZ-treated rats (175). Similarly, expression of the efflux transporter P-gp (MDR1) was 

reduced in hyperglycemia (174, 176, 177). In agreement with these earlier results, our 

molecular biology studies on liver samples of the STZ-treated rats showed decreased expression 

of the efflux transporters P-gp (MDR1B), MRP2, and BCRP (115). These transporters are 

involved in exporting organic anions from the hepatocytes into the bile canaliculus (178). 

Furthermore, hyperglycemia is also associated with a decline in the levels of endogenous 

antioxidant taurine in several tissues (179, 180). 

As shown in Figures 45A and 45B, the concentration of the two IBP enantiomers was 

continuously decreased in the intestinal perfusion medium over the experiments. (In the 

samples collected between the 105 to 150 min timepoints, IBP peaks could not be quantified.) 

Legen et al. demonstrated that the inwardly directed proton gradient could be a driving force 

for transporting monocarboxylic acid-type drugs (among them IBP) across the intestinal 

epithelia (181). The passive diffusion of the compound can explain the gradual decrease of 

concentration of the ibuprofen enantiomers in the perfusate. 

Cumulative disappearance (absorption, metabolism, and excretion) of both enantiomers 

of IBU was lower in the hyperglycemic rats (Figure 44). The ratio of the enantiomers showed 

a moderate increase in the control rats; however, the change was statistically insignificant 

(Figure 45). Several reports have demonstrated that diabetes may decrease P-gp (MDR1) efflux 

transporter function and expression in the brain and intestine (176, 177, 182, 183). In addition, 

curcumin and ibuprofen were reported to inhibit the P-gp activity of human sarcoma MES-

SA/Dx-5 cells well below their therapeutic plasma concentrations (184). P-gp effluxes drug 

substrates from enterocytes into the GI lumen, thus regulating the intestinal absorption of drugs. 

Accordingly, the observed alteration can be explained by the reduced activity of P-gp due to 

the experimental hyperglycemia and the accumulating ibuprofen in the endothelial cells. The 

progressively increasing cellular IBP level attenuates the concentration gradient, considered the 

most important factor in the entrance of ibuprofen (84). 

In the bile samples, only the (S)-ibuprofen enantiomer could be detected (Figures 46 

and 47). Figures 48 and 49 show that the excreted amount of (S)-IBP is statistically lower 

in the bile samples of the hyperglycemic rats. Uptake transporters are expressed highly on 
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the basolateral membrane of hepatocytes (185, 186). The organic anion transporters hOAT1-

5 are predominantly expressed in renal proximal tubules; however, hOAT2 (Slc22a7) is also 

expressed in the liver (187-189). In the rat, the main site of expression of Oat2 is the sinusoidal 

membrane domain of the hepatocytes (190). Kimoto et al. evaluated the role of organic anion 

transporter 2 (OAT2)-mediated hepatic uptake in the clearance of 25 ECCS 1A drugs. The 

authors provided evidence for the role of OAT2-mediated hepatic uptake of most of the 

investigated ECCS 1A drugs, including IBP (191). Members of the organic anion transporting 

polypeptide (OATP) family are also important determinants of hepatic uptake of endogenous 

and exogenous compounds. Kindla et al. reported that only diclofenac was significantly 

transported by OATP1B3, whereas all other NSAIDs investigated (including IBP) were not 

substrates for these uptake transporters (192). Accordingly, ibuprofen is supposed to enter the 

hepatocytes by passive diffusion and OATP2-mediated uptake (83, 84, 191). 

Schneider et al. investigated the biliary elimination of ibuprofen, indomethacin, and 

diclofenac in patients suffering from obstructions of the common bile duct. Whereas a very low 

amount (0.15%) of ibuprofen was excreted in bile as unchanged drug and active conjugates, 

biliary elimination of diclofenac was somewhat higher (1.09%), and that of indomethacin was 

substantial (above 10%) (193). Like the small intestine, the P-gp efflux transporter (Mdr1) is 

also expressed in the apical side of the rat hepatocytes (186). P-gp has been reported to be 

reduced in hyperglycemic rats (174, 176, 177). Using the present experimental protocol, we 

found a relatively low amount of (non-enantiomer-separated) IBP and IBP-glucuronide in the 

bile, which was depressed under hyperglycemic conditions. Our molecular biology studies on 

liver samples of the STZ-treated rats showed decreased expression of the efflux transporters P-

gp (Mdr1B), Mrp2, and Bcrp (115). These transporters are involved in exporting organic anions 

from the hepatocytes into the bile canaliculus (178). 

Biliary excretion of the parent compounds and their metabolites is crucial for the so-

called enterohepatic circulation of the drugs and other xenobiotics (194). Drugs in bile are 

usually more concentrated than in plasma, and passive transport is considered negligible. 

Accordingly, biliary excretion represents an active process involving transporters embedded in 

the apical membrane of hepatocytes. Furthermore, the liver was the most important organ in 

the unidirectional conversion of (R)-arylpropionic acid drugs to their (S) enantiomer. Whether 

the asymmetric appearance of the IBP enantiomers is the consequence of the OAT2-mediated 

enantioselective hepatic uptake or the enantioselective excretion of the hepatic efflux 

transporters P-gp (Mdr1B), Mrp2, and Bcrp (or both) needs further molecular biology studies. 
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7. Conclusion 

This study investigated the oxidative transformation of lipids, proteins, non-protein 

thiols (NPSH), and phenylalanine (Phe) in the liver, small intestine, and kidney in STZ-treated 

rats at the one-, two-, and four-week timepoints after the STZ-administration. The MDA, Prot-

DNPH, and the o-Tyr + m-Tyr levels followed a similar pattern: the highest values were 

recorded after two weeks of the STZ treatment. The compensation of oxidative stress is parallel 

with the change in the NPSH content of the organs. Such compensation is the least effective in 

the kidney, where the above three parameters continuously increase over the time of 

investigations. Accordingly, this organ is the most vulnerable to the hyperglycemia-induced 

oxidative stress. 

The results indicate that reactions of hydroxyl radicals (ROS) with the aromatic ring of 

Phe are less favored than those with sensitive amino acid/protein and lipid molecules. This 

observation could be one of the reasons they are only limited data on increased non-enzyme 

catalyzed oxidized/hydroxylated aromatic xenobiotics under the present experimental 

conditions. However, modulation (mostly depression) of enzyme and transporter activities 

(oxidative stress-induced damage of proteins/lipids) is well documented in the literature.(146, 

152, 153). 

The present results show that one of the main hydroxylated IBP-derivatives formed in 

the non-enzyme-catalyzed oxidation reactions (Fenton-test and Udenfriend’s test) is a 

hydroxylated IBP (8). Since the formation of neither 2’-OH-IBP nor OH(Ar)-IBP (8) – the 

possible structures of the product - hasn’t been reported in CYP-catalyzed reactions, the 

formation of this derivative might be used as a biomarker of oxidative stress in living organisms. 

Contrary to 4-nitrophenol (114) and capsaicin (195) - both are phenolic derivatives - the 

glucuronide conjugate of ibuprofen could be detected only in a trace amount in the small 

intestinal perfusates. On the other hand, IBP (1), IBP-GLU (6), and IBP-TAU (7) were excreted 

in the bile. However, no specific non-enzymatic hydroxylation product could be detected. The 

results agree with the previous experimental findings demonstrating decreased expression of 

the organic anion transporters P-gp (MDR1), MRP2, and BCRP in the liver of the STZ-treated 

(hyperglycemic) animals. Such changes impact the pharmacokinetics of drugs administered in 

hyperglycemic individuals. 
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The chromatographic study using a chiral column provided experimental data on 

intestinal elimination and hepatic excretion of the IBP enantiomers in control and 

hyperglycemic experimental animals. The results demonstrated that the elimination of IBP from 

the small intestine is not enantioselective. Analysis of the bile showed the presence of only the 

pharmacologically more active (S)-IBP enantiomer. Since the pharmacological activity of (S)-

IBP is one order of magnitude higher than that of the (R)-IBP (97), the asymmetric appearance 

of the enantiomers in the bile could determine the pharmacokinetics and pharmacodynamic 

action of the drug. 
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ABSTRACT 
 

Glutathione (GSH) is the most abundant intracellular thiol as well as a major cellular 

antioxidant. Besides its redox activity it is a powerful nucleophilic agent. Both physico-

chemical properties of the compound are related to the thiol (SH) function of the cysteinyl 

moiety of the tripeptide. Because of its central role in maintaining the cellular homeostatis 

and protection against diverse (toxic) electrophilic species, it is also a component of several 

nutritional products. As such, knowledge of physico-chemical characteristics of the 

compound is essential for both pharmacopoeal characterization and molecular-level 

understanding of its main biological actions . The chapter summarizes the spectroscopic 

(IR, MS, X-ray, UV) and the relevant physico-chemical characteristics (acid-base and 

redox properties) that are applied in its pharmacopoeial characterization and 

biochemical/toxicological studies related to the compound. 
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Keywords: glutathione, pharmacopoeia, mass spectrometry, X-ray, IR spectroscopy, 

NMR spectroscopy, acid-base properties, redox properties 

 

 

1. INTRODUCTION 

 

Glutathione (GSH) is the most abundant intracellular thiol as well as a major cellular 

antioxidant. Besides its redox activity, it is a powerful nucleophilic agent. Both physico-

chemical properties of the compound are related to the thiol (SH) function of the cysteinyl 

moiety of the tripeptide. Because of its central role in maintaining the cellular homeostasis 

and protection against diverse (toxic) electrophilic species, it is also a component of several 

nutritional products. As such, knowledge of physico-chemical characteristics of the 

compound is essential for both pharmacopoeial characterization and molecular-level 

understanding its main biological actions. The chapter summarizes the spectroscopic (IR, 

MS, X-ray, UV) and relevant physico-chemical characteristics (acid-base and redox 

properties) that are applied in its pharmacopoeial characterization and biochemical/ 

toxicological studies related to the compound. Each section briefly introduces the theory 

of the relevant analytical technique or physico-chemical property. 

 

 

2. CHEMICAL CHARACTERIZATION 

 

2.1. Structure 
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Figure 1. Structure of reduced glutathione (GSH). 

Empirical formula: C10H17N3O6S 

Molecular weight: 307.32  

CAS number: 70-18-8 

Melting point: 195 oC (with decomposition) [1] 

Nomenclature 
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(2S)-2-amino-5-[[(2R)-1-(carboxymethylamino)-1-oxo-3-sulfanylpropan-2-yl]amino]-5-

oxopentanoic acid,  

(2S)-2-amino-4-{[(1R)-1-[(carboxymethyl)carbamoyl]-2 

sulfanylethyl]carbamoyl}butanoic acid, 

γ-L-Glutamyl-L-cysteinylglycine. 

Nonproprietary names 

Glutathione, L-Glutathione, Reduced glutathione, Glutathione-SH, GSH 

Proprietary names 

Agifutol®; Atomolan®; Beamthion®; Copren®; Deltathione®; Glutamed®; 

Glutasan®; Glutathin®; Glutathiol®; Glutathion®; Gluthion®; Glutanil®; Glutoxil®; 

Ipatox®; Sethion®; Maglut®; Neuthion®; Novatox®; Ridutox®; Rition®; Scavenger®; 

Tad®; Tathiclon®; Tathion®; Tationil®; Thioxene®; Tition®; Tripride® 

 

 

3. PHARMACOPOEIAL CHARACTERIZATION 

 

3.1. European Pharmacopoeia Edition 9.0 

 

The European Pharmacopoeia Edition 9.0 (Ph. Eur. 9.0) [2] lists Glutathione and describes 

its Definition, Content, Characters, Identification, Tests, Assay Storage, and Impurities as 

follows. 

 

 
 

Definition 

C10H17N3O6S. Mr 307.3. L--Glutamyl-L-cysteinylglycine. Fermentation product. CAS: 

70-18-8. 

 

Content 

98.0 per cent to 101.0 per cent (dried substance). 

 

Characters 

Appearance 

White or almost white, crystalline powder or colourless crystals. 
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Solubility 

Freely soluble in water, very slightly soluble in ethanol (96 per cent) and in methylene 

chloride. 

 

Identification 

A 

Specific optical rotation. 

B 

Infrared absorption spectrophotometry. 

 

Comparison 

Glutathione CRS. 

 

Tests (Selections): 

Solution S 

Dissolve 5.0 g in distilled water R and dilute to 50 ml with the same solvent. 

 

Appearance of solution 

Solution S is clear and colourless. 

 

Specific optical rotation. 

15.5 to -17.5 (dried substance). Dissolve 1.0 g in water R and dilute to 25.0 ml with 

the same solvent. 

 

Related substances 

Capillary electrophoresis. 

Prepare the solutions immediately before use. 

Internal standard solution (a). Dissolve 0.100 g of phenylalanine R in the electrolyte 

solution and dilute to 50.0 ml with the same solution. 

Internal standard solution (b). Dilute 10.0 ml of internal standard solution (a) to 100.0 

ml with the electrolyte solution. 

Test solution (a). Dissolve 0.200 g of the substance to be examined in the electrolyte 

solution and dilute to 10.0 ml with the same solution. 

Test solution (b). Dissolve 0.200 g of the substance to be examined in internal standard 

solution (b) and dilute to 10.0 ml with the same solution. 

Reference solution (a). Dissolve 20.0 mg of the substance to be examined in internal 

standard solution (a) and dilute to 10.0 ml with the same solution. 

Reference solution (b). Dilute 5.0 ml of reference solution (a) to 50.0 ml with the 

electrolyte solution. 
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Reference solution (c). Dissolve 0.200 g of the substance to be examined in 5 ml of the 

electrolyte solution. Add 1.0 ml of internal standard solution (a), 0.5 ml of a 2 mg/ml 

solution of L-cysteine R (impurity B) in the electrolyte solution, 0.5 ml of a 2 mg/ml 

solution of oxidised L-glutathione R (impurity C) in the electrolyte solution and 0.5 ml of 

a 2 mg/ml solution of L--glutamyl-L-cysteine R (impurity D) in the electrolyte solution. 

Dilute to 10.0 ml with the electrolyte solution. 

Capillary. 

-material: uncoated fused silica; 

-size: length to the detector cell = 0.5 m; total length = 0.6 m; Ø = 75 μm. 

Temperature: 25°C. 

Electrolyte solution. Dissolve 1.50 g of anhydrous sodium dihydrogen phosphate R in 

230 ml of water R and adjust to pH 1.80 with phosphoric acid R. Dilute to 250.0 ml with 

water R. Check the pH and, if necessary, adjust with phosphoric acid R or dilute sodium 

hydroxide solution R. 

Detection: spectrophotometer at 200 nm. 

Preconditioning of a new capillary: rinse the new capillary before the first injection 

with 0.1 M hydrochloric acid at 138 kPa for 20 min and with water R at 138 kPa for 10 

min; for complete equilibration, condition the capillary with the electrolyte solution at 350 

kPa for 40 min, and subsequently at a voltage of 20 kV for 60 min. 

Preconditioning of the capillary: rinse the capillary with the electrolyte solution at 138 

kPa for 40 min. 

Between-run rinsing: rinse the capillary with water R at 138 kPa for 1 min, with 0.1 M 

sodium hydroxide at 138 kPa for 2 min, with water R at 138 kPa for 1 min, with 0.1 M 

hydrochloric acid at 138 kPa for 3 min and with the electrolyte solution at 138 kPa for 10 

min. 

Injection: test solutions (a) and (b), reference solutions (b) and (c) and the electrolyte 

solution (blank): under pressure (3.45 kPa) for 5 s. 

Migration: apply a voltage of 20 kV. 

Run time: 45 min. 

Relative migration with reference to the internal standard (about 14 min): impurity A 

= about 0.77; impurity B = about 1.04; impurity E = about 1.2; impurity C = about 1.26; 

impurity D = about 1.3. 

System suitability: 

-resolution: minimum 1.5 between the peaks due to the internal standard and impurity 

B in the chromatogram obtained with reference solution (c); if necessary, increase the pH 

with dilute sodium hydroxide solution R; 

-peak-to-valley ratio: minimum 2.5, where Hp=height above the baseline of the peak 

due to impurity D and Hv= height above the baseline of the lowest point of the curve 

separating this peak from the peak due to glutathione in the chromatogram obtained with 

reference solution (c); if necessary, lower the pH with phosphoric acid R; 
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-check that in the electropherogram obtained with test solution (a) there is no peak with 

the same migration time as the internal standard (in such case correct the area of the 

phenylalanine peak). 

Limits: test solution (b): 

-corrected areas: divide all the peak areas by the corresponding migration times; 

-correction factors: for the calculation of content, multiply the ratio of time-corrected 

peak areas of impurity and the internal standard by the corresponding correction factor: 

impurity B = 3.0; impurity D = 1.4; 

-impurity C: not more than 1.5 times the ratio of the area of the peak due to glutathione 

to the area of the peak due to the internal standard in the electropherogram obtained with 

reference solution (b) (1.5 per cent); 

-impurity D: not more than the ratio of the area of the peak due to glutathione to the 

area of the peak due to the internal standard in the electropherogram obtained with 

reference solution (b) (1.0 per cent); 

-impurities A, B, E: for each impurity, not more than 0.5 times the ratio of the area of 

the peak due to glutathione to the area of the peak due to the internal standard in the 

electropherogram obtained with reference solution (b) (0.5 per cent); 

-any other impurity: for each impurity, not more than 0.2 times the ratio of the area of 

the peak due to glutathione to the area of the peak due to the internal standard in the 

electropherogram obtained with reference solution (b) (0.2 per cent); 

-total: not more than 2.5 times the ratio of the area of the peak due to glutathione to the 

area of the peak due to the internal standard in the electropherogram obtained with 

reference solution (b) (2.5 per cent); 

-disregard limit: 0.05 times the ratio of the area of the peak due to glutathione to the 

area of the peak due to the internal standard in the electropherogram obtained with 

reference solution (b) (0.05 per cent) 

 

Assay 

In a ground-glass-stoppered flask, dissolve 0.500 g of the substance to be examined 

and 2 g of potassium iodide R in 50 ml of water R. Cool the solution in iced water and add 

10 ml of hydrochloric acid R1 and 20.0 ml of 0.05 M iodine. Stopper the flask and allow 

to stand in the dark for 15 min. Titrate with 0.1 M sodium thiosulphate using 1 ml of starch 

solution R, added towards the end of the titration, as indicator. Carry out a blank titration. 

1 ml of 0.05 M iodine is equivalent to 30.73 mg of C10H17N3O6S. 

 

Storage 

Protected from light. 

 

Impurities 

Specified impurities: A, B, C, D, E. 
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Impurity A. L-cysteinyl-glycine, 

 

 

 

Impurity B. Cysteine, 

 
 

Impurity C. Oxidized glutathione (GSSG), 

 

 

 

Impurity D. L-g-glutamyl-L-cysteine, 

 

Impurity E. Impurity with unidentified structure. 

 

 

3.2. The United States Pharmacopoeia – Dietary Supplement Compendium 

 

The United States Pharmacopoeia (USP) Dietary Supplement Compendium (2015) 

monograph [3] includes the name of the ingredient or preparation; the definition; 
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packaging, storage, and labeling requirements; and the specification. The specification 

consists of a series of tests, procedures for the tests, and acceptance criteria.  

 

 

 

C10H17N3O6S, 307.32  

Pentanoic acid, 2-amino-5-[(R)-1-(carboxymethylamino)-3-mercapto-1-oxopropan-2-

ylamino]-5-oxo, (S); N-(N-l--Glutamyl-l-cysteinyl)glycine  [70-18-8]. 

 

Definition 

Glutathione contains NLT 98.0% and NMT 101.0% of C10H17N3O6S, as glutathione, 

calculated on the dried basis. 

 

Identification  

A 

Infrared Absorption 

B 

Optical Rotation, Specific Rotation 

 

Sample solution 

40 mg/mL in water. Acceptance criteria: -15.5o to -17.5o, at 20o. 

 

ASSAY 

 

Procedure  

 

Sample 

500 mg of glutathione previously dried  

 

Titrimetric system 

Mode: Direct titration  

Titrant: 0.1 N iodine VS  

Endpoint detection: Visual  

Blank: 50 mL of metaphosphoric acid (1 in 50)  

Analysis: Dissolve the Sample in 50 mL of metaphosphoric acid (1 in 50) and titrate 

with the Titrant.  
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Calculate the percentage of glutathione (C10H17N3O6S) in the portion of Glutathione 

taken:  

Result = [(V-B) × N × F × 100]/W 

where 

V = titrant volume of the Sample (mL) 

B = titrant volume of the Blank (mL) 

N = titrant normality (mEq/mL) 

F = equivalency factor, 307.32 mg/mEq 

W = weight of the Sample (mg) 

Acceptance criteria: 98.0%–101.0% on the dried basis  

 

Impurities 

 

Inorganic Impurities 

 

Ammonium  

Standard solution: 10 µg of ammonium from a diluted ammonium chloride solution  

Sample solution: 50 mg of Glutathione  

Analysis: Transfer the Sample solution and the Standard solution to separate 25-mL 

jars fitted with caps, and dissolve in 1 mL of water. Add 0.30 g of magnesium oxide. Close 

immediately after placing a piece of silver manganese paper 5-mm square, wetted with a 

few drops of water, under the caps. Swirl, avoiding projections of liquid, and allow to stand 

at 40o for 30 min.  

Acceptance criteria: If the silver manganese paper shows a gray color, it is not more 

intense than the standard (NMT 200 ppm).  

 

Arsenic 

NMT 2 ppm  

Chloride and Sulfate, Chloride: Dissolve 0.7 g with water to make 15 mL. The solution 

shows no more chloride than corresponds to 0.20 mL of 0.020 N hydrochloric acid (NMT 

200 ppm).  

 

Chloride and Sulfate 

Sulfate: Dissolve 0.8 g in water to make 15 mL. The solution shows no more sulfate than 

corresponds to 0.25 mL of 0.020 N sulfuric acid (NMT 300 ppm).  

 

Heavy Metals 

Method I: NMT 10 ppm  
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Iron 

NMT 10 ppm  

 

Residue on Ignition 

NMT 0.1%  

 

Organic Impurities 

 

Procedure  

Mobile phase: 6.8 g/L of potassium dihydrogen phosphate with 2.02 g/L of sodium 1-

heptane sulfonate. Adjust with phosphoric acid to a pH of 3.0. Mix 970 mL of this solution 

with 30 mL of methanol.  

System suitability solution: 0.1 mg/mL of USP l-Phenylalanine RS, 0.5 mg/mL of USP 

Glutathione RS, and 0.5 mg/mL of USP Ascorbic acid RS in Mobile phase  

Standard solution: 0.01 mg/mL of USP Glutathione RS in Mobile phase. [Note-This 

solution has a concentration equivalent to 2.0% of that of the Sample solution.]  

Sample solution: 50 mg of glutathione in 100 mL of Mobile phase. [Note—Allow the 

solution to stand for 5 min before use.]  

Chromatographic system 

Mode: LC  

Detector: UV 210 nm  

Column: 4.6-mm × 15-cm; 5-µm packing L1  

Column temperature: 30o  

Flow rate: Adjust so that the retention time of glutathione is about 5 min.  

Injection size: 10 µL  

System suitability 

Sample: System suitability solution  

Suitability requirements 

Resolution: NLT 5.0 between the ascorbic acid and glutathione peaks; and NLT 5.0 

between the glutathione and l-phenylalanine peaks  

Relative standard deviation: NMT 1.5% for replicate injections  

Analysis 

Samples: Standard solution and Sample solution  

Calculate the percentage of any impurity in the portion of Glutathione taken:  

Result = (rU/rS) × (CS/CU) × 100 

where, 

rU = peak response of any peak from the Sample solution other than glutathione, 

rS = peak response of the glutathione peak from the Standard solution, 

CS = concentration of USP Glutathione RS in the Standard solution (mg/mL), 

CU = concentration of Glutathione in the Sample solution (mg/mL) 
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Acceptance criteria 

Individual impurity: NMT 1.5% for the impurity with the relative retention time of 

about 4. 

Total impurities: NMT 2.0%. 

 

Specific Tests  

 

Clarity and Color of Solution  

 

Sample solution 

0.1 g/mL in water  

 

Analysis 

Using identical tubes of colorless, transparent, neutral glass with a flat base and an internal 

diameter of 15–25 mm, compare the liquid to be examined with water, the depth of the 

layer being 40 mm. Compare the colors in diffused daylight, viewing vertically against a 

white background.  

 

Acceptance criteria 

The solution is clear and colorless.  

 

Loss on Drying 

NMT 0.5%, 105o for 3 h  

 

Additional Requirements  

 

Packaging and Storage 

Preserve in tight containers. 

 

 

4. GAS PHASE CHARACTERIZATION 

 

4.1. Mass Spectrometry 

 

Mass spectrometry is a versatile, generally used analytical technique in the field of 

bioanalysis. It can be applied for determination of molecular weight, molecular formula 

(HRMS), structure (from fragmentation fingerprint), isotopic incorporation/distribution, 

and protein sequence (MS-MS), just to mention its most important applications [4-7]. 
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The most important parts of the mass spectrometers are the sample inlet, the ion source, 

the mass analyzer, the detector and the data analyzer unit. The sample introduction could 

be direct (through a gate) or indirect (from a separation unit; e.g., GC, HPLC, SFC, CE). 

In the ion source the analyte particles are ionized (converted to positive or negative ions) 

by direct (with high speed electrons) or indirect (with neutral or charged particles; with 

charge transfer; or with laser photons) methods. The charged particles are separated in the 

mass analyzer unit. The choice of mass analyzer should be based upon the application, cost, 

and performance desired. There is no ideal mass analyzer that is good for all applications 

[8]. 

 

 

Figure 2. Positive ion mode HESI fragmentation pattern of reduced glutathione (GSH). 

The commonly used mass analyzer could be a magnetic (B) or electrostatic (E) sector 

analyzer; a quadrupole mass filter (Q) or a time-of-flight (TOF) analyzer; an ion-trap 

(Penning, Paul, Kingdon traps, a quadrupole ion trap (Q) or orbitrap (OT)); or an ion-

cyclotron resonance (ICR) analyzer. The mass analyzers separate the ions according to 

their mass-to-charge (m/z) ratio. In the detector, the signal intensity is directly proportional 

to the number of the ions. The most commonly used detectors are the photographic plate 

detectors, the Faraday Cups, and the (photo) electron multipliers [9]. 

The mass spectrum is presented in terms of ion abundance vs. m/z ratio (mass). If a 

molecule loses only one electron in the ionization process, a molecular ion is observed that 

gives its molecular weight – this is designated as M+ in the spectrum. In most cases, when 
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a molecule loses a valence electron, bonds are broken, or the ion formed quickly fragments 

to lower energy ions. The masses of charged ions are recorded as fragment ions by the 

spectrometer (see Figure 2 and Figure 3). 

Tandem mass spectrometry (MS/MS or MS2) is a technique to break down selected 

fragment ions (precursor ions) into fragments (product ions). The fragments then reveal 

aspects of the chemical structure of the precursor ion [10]. 

Figure 2 illustrates the positive ion mode HESI fragmentation pattern of reduced 

glutathione (GSH) [M+H]+ = 308.1. The mass spectrometer was a Q Exactive™ Focus 

hybrid quadrupole-Orbitrap™ instrument (Thermo Scientific, Bremen, Germany). In the 

spectrum, three main intense peaks observed at m/z 233.1, 179.0 and 162.0 from the 

fragmentation of the [M+H]+ species. The product ion at 233.1 arises by the loss of a neutral 

glycine residue (-75.0 Da), while the m/z 179.0 results from the loss of a glutamyl residue 

(-129.1 Da). The m/z 162.0 fragment ion is formed as a result of the loss of a neutral 

glutamate residue [11]. 

 

 

Figure 3. Positive ion mode HESI fragmentation pattern of oxidized glutathione (GSSG). 

Figure 3 illustrates the positive ion mode HESI fragmentation pattern of oxidized 

glutathione (GSSG) [M+H]+ = 613.2. In the spectrum, three main intense peaks observed 

at m/z 484.1, 355.1 and 308.1 from the fragmentation of the [M+H]+ species. The product 

ion at 484.1 arises by the loss of a glutamyl residue (-129.1 Da), while the m/z 355.1 results 

from the loss of two glutamyl residues leaving the dipeptide Cys-Gly fragments covalently 
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linked via a disulfide bond. This result is in agreement with previous HPLC-MS 

investigation of GSSG. The third one, m/z 308.1, corresponds to protonated reduced 

glutathione (GSH) [M+H]+ = 308.1. Formation of this latter fragment (and the fragments 

of this ion) could not be observed under the previously used ionization conditions [12]. 

 

 

5. SOLID STATE CHARACTERIZATION 

 

5.1. Infrared Spectroscopy 

 

Infrared spectroscopy is the analysis of infrared light interacting with a molecule. The 

main use of this technique is in organic and inorganic chemistry. It is used to determine 

functional groups in molecules. The infrared absorption spectra of organic small molecules 

are as distinctive and unique as a fingerprint [13]. 

Light with wavelengths from 800 nm to about 1 millimeter (1000 m) is called infrared 

light. This wide band of the electromagnetic spectrum is divided into three regions; the 

near-, mid- and far-infrared. The higher-energy near-IR, approximately 12500–4000 cm−1 

(0.8–2.5 μm wavelength), can excite overtone or harmonic vibrations. The mid-infrared, 

approximately 4000–400 cm−1 (2.5–25 μm), may be used to study the fundamental 

vibrations and associated rotational-vibrational structure. This is the region, which is most 

commonly used in the organic analytical practice. The far-infrared, approximately 400–10 

cm−1 (25–1000 μm), has low energy and may be used for rotational spectroscopy [14]. 

Infrared spectroscopy exploits the fact that molecules absorb frequencies that are 

characteristic of their structure. These absorptions occur at resonant frequencies, i.e., the 

frequency of the absorbed radiation matches the vibrational frequency. The atoms in a 

CH2X2 group - commonly found in organic molecules - where X can represent any other 

atom, can vibrate in nine (3N-6) different ways. Six of these vibrations involve only the 

CH2 portion: symmetric and antisymmetric stretching, scissoring, rocking, wagging and 

twisting. The spectra generally show the transmittance of the sample over the investigated 

wavenumber (cm-1) range (see Figure 4 and Figure 5). 

Since the observed set of absorption bands are, in essence, a display of some of the 

resonant vibrational frequencies of the molecule, the infrared spectrum is directly related 

to molecular parameters such as bond lengths and angles, bond groups (“functional 

groups”) and molecular symmetry. Thus, an infrared spectrum not only provides 

information on the identity of "unknown" compounds, but also yields definite data on its 

molecular structure [15]. 

Infrared spectra may be obtained from samples in all phases (liquid, solid and gaseous). 

Liquids are usually examined as a thin film sandwiched between two polished NaCl plates. 

If solvents are used to dissolve solids, care must be taken to avoid obscuring important 

spectral regions by solvent absorption. Solids may either be incorporated in a thin KBr 
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disk, prepared under high pressure, or mixed with a little non-volatile liquid and ground to 

a paste (or mull) that is smeared between salt plates. 

The analytical infrared absorption spectra can be divided into four distinct regions [16]: 

 

1) 4000-2800 cm-1. The region of the OH, NH and CH stretching frequencies. (The 

OH and NH bands are more intense than the CH bands.) 

2) 2800-2000 cm-1. The region of rare functional groups (e.g., triple bonds (C≡N, 

C≡C), cumulated double bonds). 

3) 2500-1500 cm-1. The region of the double bonds (e.g., C=O, C=N, C=C and 

aromatic skeletal stretching). 

4) 1500-400 cm-1. The so called “fingerprint region.” This region usually contains a 

rather complicated series of absorptions. These are mainly due to all manner of 

bending vibrations within the molecule. It is said so because it can be used to 

identify unknown or two different organic compounds by comparing the troughs 

in this region. 

 

Infrared (IR) spectroscopy is a universally used instrumental method for identification 

of pharmacopoeial substances. The method is based on comparison of the IR spectra of the 

sample to be identified with the corresponding Chemical Reference Standard (CRS) (Ph. 

Eur.)/Reference Standard (USP RS) (USP). The IR spectrum of reduced glutathione (GSH) 

recorded in KBr is shown in Figure 4. The observed absorption frequencies are listed in 

Table 1. The spectra were recorded with an Impact 400 (Nicolet) FT-IR spectrophotometer 

using a KBr pellet as the background reference spectrum. 

 

 

Figure 4. IR spectrum of reduced glutathione (GSH) recorded in KBr. 
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As it is shown, there are well separated sharp resonance peaks in the functional group 

region of the spectrum. Above the 3000 cm-1 region, several associated OH, NH, NH2 

(3346, 3249, and 3126) and CH (3024 cm-1) bands can be seen. The band at 2524 cm-1 

can be associated with the cysteine thiol (SH) group. The 1713 cm-1 band corresponds to 

the C=O band of the terminal carboxyl groups. The 1661 cm-1 band can be assigned as the 

amid I band. The bands at 1599 and 1537 cm-1 could be associated with the overlapping 

amid II (νC=O (amide)) and NH3
+ resonances. The fingerprint region (≤ 1500 cm-1) shows 

several unique resonances, which form an intricate pattern that can be used as a fingerprint 

to determine the compound. 

 

Table 1. Characteristic IR bands of reduced (GSH) and oxidized  

(GSSG) glutathione 

 

IR bands GSH (cm-1) GSSG (cm-1) 

(OH, NH) 3346, 3249, 3126 3400-2700 

(CH) 3024 3400-2700 

(SH) 2524 None 

(C=O, carboxyl) 1713 1736 

((C=O, amide I) 1661 1655 

(CO, amide II), NH3
+) 1599 and 1537 1524 

 

 

Figure 5. IR spectrum of oxidized glutathione (GSSG) recorded in KBr. 

The IR spectrum of the oxidized form of glutathione shows broad, not well separated 

bands. In the 3400-2700 cm-1 region a broad, overlapping OH, NH, NH2 and CH 

absorption can be seen. According to the modified chemical structure, no SH band appears 
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in the spectrum. The 1736 cm-1 band corresponds to the C=O band of the terminal 

carboxyl groups. The 1655 cm-1 band can be assigned as the amid I band. The broad band 

at 1524 cm-1 could be associated with the overlapping amid II (νC=O (amide)) and NH3
+ 

bands. The fingerprint region (≤ 1500 cm-1) shows much less characteristic separated bands 

than the spectrum of GSH. 

 

 

5.2. Crystallography 

 

5.2.1. X-Ray Diffraction 

Crystallography is an experimental methodology based on X-ray diffraction by 

crystalline materials and studies atomic arrangement on solid state samples [17]. X-ray 

crystallography is essentially dependent on analysis of the diffraction patterns of one 

crystal by an X-ray beam. The intensities and directions of the diffracted waves on 

diffraction pattern are correlated to position and atomic species into the crystal. The atomic 

species and positions are correlated by the maximum values of the electronic density 

distribution on the crystal, which can be obtained through Fourier transform on diffracted 

X-ray function [18-20]. Because of atomic positions, information such as (1) bond 

distances, (2) bond angles, (3) molecular packing, (4) supramolecular arrangement and (5) 

charge distribution can easily be obtained. This way, once the molecular structure of a 

compound is obtained, its physico-chemical properties can be described [21]. 

Since X-rays have shorter wavelengths than those of the IR and UV radiations, they 

have higher energy and more penetrative power [19]. Each X-ray wave on diffraction 

pattern interacts with one another either constructively or destructively. The observed 

intensity originated from the constructive interaction of the diffracted waves and energy 

(1), understood as a beam of photons. 

 




  
hc

E h
 (1) 

 

where h is the Planck’s constant, c is the speed of light, ν is the frequency and λ is the 

wavelength of the radiation. 

As a consequence of monochromatic X radiation striking a crystalline material, the 

electrons are forced to oscillate due to the electric field that makes up the incident radiation, 

making it a new source of scattering in all directions. The diffraction arises from the 

constructive interference of these waves scattered by the various discrete atoms. William 

L. Bragg described the constructive conditions of the X-ray diffraction, when a wavelength 

comparable to atomic bond distances is scattered in a pattern dependent on atomic pattern 

distribution in the crystalline sample. Diffraction process in the crystal can be regarded as 

Complimentary Contributor Copy



Pál Perjési, Caridad Noda Perez, Hamilton B. Napolitano et al. 20 

if the X-rays were “reflected” by sets of parallel planes in the crystal [18-20]. Equation (2) 

represents Bragg´s law in a simplified way. 

 

2 x d x sin θ = n x  (2) 

 

where d is the interplanar distance, θ is the incident angle, λ is the wavelength of the 

incident beam and n is the order of the diffraction. 

 

5.2.2. Crystallographic Molecular Model 

Once the X-ray radiation is diffracted by a single crystal and Bragg’s law indexes every 

single direction on diffraction pattern, the mathematical model used to describe this 

phenomenon and obtain the molecular model (structure) is based on Fourier methods. A 

crystallographic classical example is the calculation of an electron density map from waves 

diffracted by all components of the unit cell. In turn, Fourier analysis is the decomposition 

of an arbitrary function into its component cosine and sine harmonics [21-24]. On 

crystallography, the electron density functions correspond to the positions and X-ray 

scattering powers of the atoms, and then perform a Fourier transform on the electron 

density to obtain the structure factors. The measured diffraction pattern of a crystal is 

described by Fourier analysis and electron density distribution (structure) is described by 

the Fourier synthesis. The electron density function ((r)) is related by equation (3)  

 

𝜌(𝒓) =
1

𝑉
∑ℎ |𝐹(𝒉)| 𝑒𝑥𝑝[−2𝜋𝑖(𝒉. 𝒓) + 𝑖𝜑(𝒉)] (3) 

 

where V is the volume of the unit cell, F(h) is the structure factor with magnitude |F(h)| 

proportional to the reflection intensity measured and h indexes of each direction. The 

quantity h.r corresponds to the scalar product between the scattering vector in the 

reciprocal space h and the position vector in the direct space r. 

The classical phase problem is evident in equation (3) since the full knowledge of 

electron density ρ(r) depends on the knowledge of the phases φ(h) that are lost in the 

measurement process. In general, the solution of the phase problem in crystallography of 

small molecules is obtained by the Patterson or direct methods. Once the draft of the 

crystallographic molecular model is first obtained [25-27], the following step is to refine 

this model throughout least squares procedures where the (1) accurate atomic position, (2) 

atomic species, (3) atomic displacement behavior, (4) solvent content, (5) chemical 

consistency and other important information are all assigned. In general, the programs used 

are SHELXL [28], SIR [29] and OLEX2 [30]. 

The first glutathione molecular structure, described by W. B. Wright [31], is shown in 

Figure 6. 
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Figure 6. X-ray structure of reduced glutathione (GSH). Based on reference [31]. 

The X-ray analysis showed a tripeptide with a gamma peptide linkage between the 

carboxyl group of the glutamate side chain and the amine group of cysteine. Wright also 

described a molecular conformation adopting a helical configuration with almost planar 

structure between glycine carboxyl and amino-carboxyl groups. The glutathione 

crystallized in the orthorhombic space group P212121 showing the carboxyl group of 

cysteine attached by a normal peptide linkage to glycine, and the sulphur is forming a 

zigzag chain [31, 32]. The molecules form a three-dimensional network of hydrogen bonds 

on molecular packing. 

 

 

6. IN SOLUTION CHARACTERIZATION 

 

6.1. UV-Vis Spectroscopy 

 

UV-Vis spectroscopy is a spectroscopic method to characterize electronic structure of 

organic molecules. Electronic transition energies correspond to the energies of the 

analytical UV (200-400 nm) and the visible (400-700 nm) range photons. Absorption of 

visible and ultraviolet (UV) radiation is associated with excitation of electrons, in both 

atoms and molecules, from lower to higher energy levels. Since the energy levels of matter 

are quantized, only light with the precise amount of energy can cause transitions from one 

level to another will be absorbed. 

The absorption of UV or visible radiation corresponds to the excitation of outer 

electrons. There are three types of electronic transitions to be considered: (a) transitions 

involving p, s and n electrons, (b) transitions involving charge-transfer electrons, and (c) 

transitions involving d and f electrons [33, 34]. In this chapter only possible transitions 

involving p, s, and n electrons are discussed. 
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The energy associated with electromagnetic radiation is defined by the following 

equation: 

 

E = h x  (4) 

 

where E is the energy (J), h is the Planck’s constant (6.62 × 10-34 Js), and  is the frequency 

(1/s). 

There are a number of transitions possible involving the bonding (s and p) and 

nonbonding (n) electrons. The transitions generally occur from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) in a 

molecule. The larger the gap between the energy levels, the greater the energy required to 

promote the electron to the higher energy level; resulting in light of higher frequency, and 

therefore shorter wavelength, being absorbed. 

Of the possible electronic transitions (s→s*, s→p*, p→s*, n→s*, p→p* and n→p*), 

only the two lowest energy ones (p→p* and n→p*) can be achieved by the energies 

available in the 200-700 nm region (Figure 7). Thus, only those molecules are expected to 

absorb in the UV-Vis region, which contains p-electrons and may also have atoms with 

nonbonding electrons [33, 34]. 

These transitions should result in very narrow absorbance bands at wavelengths highly 

characteristic of the difference in energy levels of the absorbing species. This is true, 

however, only for atoms. For molecules, vibrational and rotational energy levels are 

superimposed on the electronic energy levels. Because many transitions with different 

energies can occur, the bands are broadened (see Figures 8 and 9). The broadening is even 

greater in solutions owing to solvent-solute interactions [33]. Accordingly, UV-visible 

spectra generally show only a few broad absorbance bands. Compared with techniques 

such as infrared spectroscopy, which produces many narrow bands, UV-visible 

spectroscopy provides a limited amount of qualitative information. The method is mainly 

used for quantitative measurements [34, 35]. 

 

 

Figure 7. Possible UV-Vis electronic transitions. 
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The UV spectra of reduced (GSH) and oxidized (GSSG) glutathione recorded in 

aqueous solution are shown in Figure 8 and Figure 9. The spectra were recorded in a Jasco 

V-750 Spectrophotometer, using water as a solvent. 

 

 

Figure 8. UV spectrum of reduced glutathione (GSH) recorded in aqueous solution. 

 

Figure 9. UV spectrum of oxidized glutathione (GSSG) recorded in aqueous solution. 

Glutathione exhibits an UV absorption maximum at 197 nm. The absorption band 

corresponds the n→p* electronic transitions in the carboxyl and the amide bonds. GSSG 

has got very similar UV spectrum with an absorption maximum of 202 nm. 
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6.2. NMR Spectroscopy 

 

NMR spectroscopy is the most powerful non-destructive analytical technique available 

for organic structure determination in solution. The method is based on the fact that some 

atomic nuclei possess a nuclear spin not equal to zero. A nucleus with an odd atomic 

number or an odd mass number has a nuclear spin. The overall spin of the nucleus is 

determined by the spin quantum number S. If the numbers of both the protons and neutrons 

in a given nuclide are even then S = 0, i.e., there is no overall spin. Then, just as electrons 

pair up in nondegenerate atomic orbitals, so do even numbers of protons or even numbers 

of neutrons giving zero overall spin. When the number of protons or neutrons or both of 

them are uneven, however, the nucleus has an overall spin. This is because protons and 

neutrons will have lower energy when their spins are parallel, not anti-parallel [36, 37]. 

The most commonly used nuclei are summarized in Table 2. 

Nuclear spins are oriented randomly in the absence of an external magnetic field but 

have a specific orientation in the presence of an external field, B. Some nuclear spins are 

aligned parallel to the external field, which is the more likely, lower energy orientation; 

some nuclear spins are aligned antiparallel to the external field, which is the less likely, 

higher energy orientation. 

 

Table 2. Characteristics of the most common NMR active nuclei 

 

Nuclei Unpaired protons Unpaired 

neutrons 

Net spin  (MHz/T) 

1H 1 0 1/2 42.58 
2H 1 1 1 6.54 
13C 0 1 1/2 10.71 
14N 1 1 1 3.08 
19F 1 0 1/2 40.08 
23Na 1 2 3/2 11.27 
31P 1 0 1/2 17.25 

 

When nuclei that are aligned parallel with an external magnetic field are irradiated with 

the proper frequency () of electromagnetic radiation (radiofrequency range), the energy 

is absorbed and the nuclei “spin-flips” to the higher-energy antiparallel alignment. The 

frequency ( depends on the gyromagnetic ratio ( of the particle (5). 

Nuclei that undergo “spin-flips” in response to the applied radiation are said to be in 

resonance with the applied radiation - nuclear magnetic resonance. The frequency 

necessary for the resonance depends on the strength of the external field (B) and the identity 

() of the nuclei 

 

 =  B (5) 
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where is thefrequency of electromagnetic radiation (Hz),  is the gyromagnetic ratio 

(MHz/T), and B is the magnetic field strength (T). 

If the oriented nuclei are exposed to radiofrequency pulses (generated by the 

spectrometer console) one will be able to gain information about the magnetic and chemical 

environment of the studied nuclei. Nuclei are surrounded by electrons that shield them from 

the external field. Circulating electrons create an induced magnetic field that opposes the 

external magnetic field. Accordingly, each nucleus with different molecular environment 

has a different effective magnetic field and resonates with photons of different energy 

(frequency).  

According to the above equation, the energy difference (E=h) between nuclear spin 

states depends on the strength of the applied magnetic field (B). Consequently, the higher 

the magnetic field strength, the higher the resolution of two nuclei with similar E value. 

This relationship could make it difficult to compare NMR spectra taken on spectrometers 

operating at different field strengths. The term chemical shift was developed to avoid this 

problem. 

The chemical shift of a nucleus is the difference between the resonance frequency of 

the nucleus and a standard, relative to the standard. This quantity is reported in ppm and 

given the symbol delta (). 

 

 = (-REF) x106/REF 

 

where  is the chemical shift (ppm), is the resonancefrequency of the nucleus (Hz), and 

REF is the resonance frequency of the reference (Hz). 

In 1H NMR spectroscopy, this standard is often tetramethylsilane, Si(CH3)4, 

abbreviated as TMS. The chemical shift is a very precise metric of the chemical 

environments around a nucleus. 

Nuclei experiencing the same chemical environment or chemical shift are called 

equivalent. Those nuclei experiencing different environments or having different chemical 

shifts are nonequivalent. Nuclei that are close to one another exert an influence on each 

other's effective magnetic field. This effect shows up in the NMR spectrum when the nuclei 

are nonequivalent. If the distance between the non-equivalent nuclei is less than or equal 

to three bond lengths, this effect is observable. This effect is called spin-spin coupling or J 

coupling. 

The difference in E of nonequivalent nuclei originated from the spin-spin coupling 

results in splitting of the NMR signal. If a 1H signal is split by N equivalent protons, it is 

split into N + 1 peaks. (The N+1 rule). The value (given in Hz) of the vicinal 1H-1H splitting 

(3J-coupling) is related to the dihedral torsion angle of the two protons (Karplus equation) 

[39]. 
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It is unlikely that a 13C would be adjacent to another 13C, so splitting by carbon is 

negligible. Carbon-13 nuclei will magnetically couple, however, with attached protons and 

adjacent protons. These complex splitting patterns are difficult to interpret. Therefore, in a 

"normal" (broadband, proton decoupled) 13C spectra, these couplings are removed by 

applying a continuous second radio frequency signal of a broad frequency range that 

excites all the 1H nuclei and cancels out the coupling patterns due to the interaction of the 
1H with the 13C. This means that each carbon atom is seen as a single line. In off-resonance 

decoupling all the carbon-hydrogen couplings are removed from a signal except those 

between the nuclei that are directly bonded to one another. Thus, a methine (CH) appears 

as a doublet, a methylene (CH2) appears as a triplet, and a methyl (CH3) shows a quartet 

[40]. 

The one-dimensional 1H NMR spectra of reduced (GHS) and oxidized (GSSG) 

glutathione are shown in Figure 10 and Figure 11, respectively. (The spectra were recorded 

with a Bruker Avance III 500 (500.15 MHz for 1H) spectrometer. Chemical shifts were 

referenced to the residual solvent signal. Measurements were run at a probe temperature of 

298 K in D2O solutions). The spectroscopic data are summarized in Table 3. 

 

 

Figure 10. 1H-NMR (500 MHz) spectrum of reduced glutathione (GSH) recorded in D2O. 

 

Figure 11. 1H-NMR (500 MHz) spectrum of oxidized glutathione (GSSG) recorded in D2O. 
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Table 3. 1H-NMR (500 MHz) data of reduced (GSH) and oxidized (GSSG) 

glutathione recorded in D2O 

 

 

 

Proton (Number of protons) GSH GSSG 

H-3 (2H) 2.17 ppm 2.15 ppm 

H-4 (2H) 2.56 ppm 2.52 ppm 

H-7a (1H) 2.94 ppm 2.96 ppm (9.5, 14.2 Hz)) 

H-7b (1H) 2.94 ppm 3.26 ppm (4.5, 14.2 Hz) 

H-2 (1H) 3.83 ppm 3.81 ppm 

H-9 (2H) 3.98 ppm 3.96 ppm 

H-6 (1H) 4.56 ppm 4.74 ppm 

 

The methyl proton of the glutamate moiety (H-2) gives a doublet-of-doublets at 3.83 

ppm, and the methylene protons - H-3 and H-4 - give two separate multiplets at 2.17 and 

2.56 ppm, respectively. The methylene (H-7) and the methyne (H-6) protons of the 

cysteinyl moiety forms an AA’X spin system with three doublet-of-doublets at 2.94 (H-7) 

and 4.56 (H-6) ppm. The methylene protons of the glycine moiety (H-9) appear a singlet 

at 3.98 ppm. The respective protons in the oxidized glutathione (GSSG) show similar 

chemical shifts and multiplicity as those of the respective protons in the reduced form 

(GSH). 

 

Figure 12. 13C-NMR (125 MHz) spectrum of reduced glutathione (GSH) recorded in D2O. 
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The one-dimensional 13C NMR spectra with broadband proton decoupling of reduced 

(GHS) and oxidized (GSSG) glutathione are shown in Figure 12 and Figure 13, 

respectively. (The spectra were recorded with a Bruker Avance III 500 (125.04 MHz for 
13C) spectrometer. Measurements were run at a probe temperature of 298 K in D2O 

solutions.) The spectroscopic data are summarized in Table 4. 

 

 

Figure 13. 13C-NMR (125 MHz) spectrum of oxidized glutathione (GSSG) recorded in D2O. 

 

Table 4. 13C-NMR (125 MHz) data of reduced (GSH) and oxidized (GSSG) 

glutathione recorded in D2O 

 

 

 
Carbon GSH GSSG 

C-1 173.52 ppm 173.48 ppm 

C-2 53.77 ppm 53.72 ppm 

C-3 26.00 ppm 26.04 ppm 

C-4 31.21 ppm 31.28 ppm 

C-5 173.55 ppm 173.51 ppm 

C-6 55.62 ppm 52.61 ppm 

C-7 25.41 ppm 38.74 ppm 

C-8 172.40 ppm 172.49 ppm 

C-9 41.53 ppm 41.63 ppm 

C-10 174.85 ppm 174.80 ppm 

Complimentary Contributor Copy



Physico-Chemical Characterization of Glutathione (GSH) 29 

7. ACID-BASE PROPERTIES 

 

7.1. Acid-Base Theories 

 

Definition of acids and bases has been altered several times. One of the first 

classification of acids and bases was made by Arrhenius (1888). In Arrhenius’s definitions, 

an acid is any substance that, when dissolved in water, increases concentration of the 

hydrogen (hydronium) ions, while a base is any substance that, when dissolved in water, 

increases concentration of the hydroxide ions [41]. 

J. N. Brønsted and T. M. Lowry extended the acid-base theory of Arrhenius and 

emphasized the role of hydrogen ion (proton) in the acid-base reactions. According to the 

Brønsted and Lowry theory, an acid is a species that donates a proton to another species in 

a proton-transfer reaction. They defined a base as a species that accepts a proton in a 

proton-transfer reaction [41]. 

According to their theory, acids are converted into a base by releasing a proton and a 

base is transformed to an acid by accepting a proton. (See examples below.) An acid 

donates a proton only in the presence of a proton acceptor base. Accordingly, conversion 

of an acid to the respective base and conversion of a base to its respective acid takes place 

in the same reaction. 

G. N. Lewis realized that the concept of acids and bases could be generalized to include 

reactions (e.g., reaction of acidic and basic oxides) that do not fit either the Arrhenius or 

the Brønsted-Lowry concepts [42]. According to this theory, a Lewis acid is a species 

(atom, molecule, or ion) that can form a covalent bond by accepting a pair of electrons 

from another species, while a Lewis base is a species (atom, molecule, or ion) that can form 

a covalent bond by donating an electron pair to another species. 

 

 

7.2. The Importance of Acid-Basic Properties in Drugs Development 

 

In any protonation process, one positive charge is transferred to the base. Therefore, 

the proton transfer affects the physico-chemical properties such as charge, solubility, 

polarizability, and dipole of the base (B or A-) [43]. Most of the present-day drug molecules 

are acids or bases. When they are dissolved in water, they can undergo proton transfer 

reactions of different degree. 

 

B + H2O ↔ BH+ + OH- 

 

and 
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HA + H2O ↔ H3O+ + A- 

 

where B is a monoprotic base, HA is a monoprotic acid 

The reactions are reversible, and the composition of the equilibrium can be 

characterized by the pKa value of the equilibrium (the ionization constant of the molecule). 

While analyzing acid-base properties of 907 drug molecules, it was found that 64% of these 

compounds contained an ionizable group. Within this group of ionizable compounds, 34% 

contained a single basic group while 20% contained a single acidic functional group [44]. 

Focusing on oral drugs showed that 78.6% of compounds contained an ionizable group, 

while 11.9% were neutral, 4.3% always ionized and the remainder (5.2%) was made up of 

salts, miscellaneous compounds (e.g., mixtures) and high molecular weight substance [45]. 

Efforts to determine the physicochemical properties that relate to long-term compound 

viability have been conducted in concert with gathering biology data on attributes such as 

cell toxicity, efflux liability, metabolic stability or inhibition, cell permeability, 

bioavailability, CNS permeability, protein binding, brain tissue binding, promiscuity, 

clearance and volumes of distribution. Among them, the charge state of the molecules 

turned to be one of the fundamental physico-chemical properties. Accordingly, the 

acid/base properties of a molecule are among the most fundamental ones for drug actions 

[45, 46]. 

 

 

7.3. Glutathione - Acid-Basic Properties 

 

Dissociation constants of weak acids are commonly evaluated by analyzing their 

titration curves. The titration curves of monoprotic acids can be analyzed conveniently on 

the basis of Henderson-Hasselbalch equation using different techniques e.g., 

potentiometry, UV/VIS spectroscopy, HPLC, NMR spectroscopy, conductometry, 

calorimetry, capillary zone electrophoresis, and computational methods [47]. On the other 

hand, the pKa values of polyprotic acids are evaluated with great difficulty using software 

methods involving complex algebraic calculations and approximate formulae [48]. 

The acid-base chemistry of small organic molecules is usually characterized in terms 

of macroscopic acid dissociation/protonation constants obtained from pH-titration data. If 

the molecule contains two or more functional groups of comparable acidity, the pH ranges 

for titration of the two groups overlap and the titration can occur by two independent 

pathways. In such cases, the macroscopic constants are composites of the microscopic 

constants that describe the acid-base chemistry at the molecular level. One of the widely 

used methods for determining microscopic acid dissociation constants of such molecules 

is NMR spectroscopy [49]. Considering the number of ionizable functions of a molecule, 

in the case of two (e.g., morphine; phenolic OH-tertiary N) there are two macroscopic 

protonation constants and four microspecies with different protonation state. In the case of 
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three ionizable groups (e.g., thyroxine; phenolic OH-amino-carboxyl), the number of 

macroscopic protonation constants is 3 and the number of different microspecies is 8. 

These figures in the case of a compound with four ionizable groups (e.g., glutathione) are 

4 and 16, respectively [50]. 

The acid-base properties of glutathione (GSH) have long been in the focus of scientific 

interest. It has three acidic (thiol, glycinyl carboxyl, glutamyl carboxyl) and one basic 

(amino) functional groups. Accordingly, in aqueous solution glutathione can exist in five 

different macroscopic protonation state as follows. 

 

L3- HL2- H2L- H3L H4L+
K1 K2 K3 K4

 

 

where L3- is the fully deprotonated glutathione, H4L+ is the fully protonated glutathione. 

Since the HL2- and the H3L forms have 4 protonation isomers (microspecies) each, and 

the H2L- form has 6 microspecies, the molecule has got altogether 16 different protonation 

states (microspecies) [50]. 

The micro- and sub-micro protonation constants characterize the acid-base properties 

at the submolecular level [51]. These constants allow quantification of the proton binding 

capacity of submolecular basic units, when the protonation states of all other sites are 

defined in the molecule [52]. Group constants are special micro-constants, when the rest 

of the groups in the molecule are far enough apart and their protonation does not affect the 

basicity of the group [53]. The rotational state of the flexible parts of the molecules is 

defined by the sub-micro constants, when protonation occurs [54]. The correct 

characterization of basicity of the sites of protonation of multidentate ligands can be done 

using the micro and sub-micro constants. In addition, this group of constants is used to 

measure the concentration of different forms of protonation, of which the principal form is 

not always the reactive form in chemical and biological processes. [55-59]. The 

macroscopic protonation constants (K1-K4) determined by 1H NMR-pH titrations were as 

follows: logK1 9.65; logK2 8.78; logK3 3.52; logK4 2.22 [50]. 

The obtained values were found to be very similar to those determined in earlier works 

of Pirie and Pinhey [60] (9.62, 8.66, 3.53, 2.12), Li et al. [61] (9.65, 8.75, 3.59), and Martin 

and Edsall [62] (9.62, 8.74). The results demonstrated that the first and the second 

protonation constants were predominated by the overlapping protonation of the amino and 

the thiolate site, the amino being typically more favored. The carboxylate groups also 

protonated in an overlapping fashion, the glycinyl carboxylate being the more basic. It is 

worth mentioning, that it is the protonated amino group that makes the inherently more 

basic glutamyl carboxylate more acidic [50]. 

It is important to note that the physico-chemical properties (e.g., complex formation, 

nucleophilic reactivity, redox properties) and biological functions of glutathione could be 

significantly different in different protonation states (i.e., in solutions with different pH 
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values) [63-66]. Furthermore, ionic strength and the nature of the ionic media also affect 

the acid-base characteristics of glutathione [69]. 

 

 

8. REDOX PROPERTIES 

 

8.1. Redox Potentials 

 

Redox reactions involve an electron transfer from one particle onto another. Oxidation 

means a half-reaction in which a substance (atomic, ionic or molecular) releases 

electron(s). In the reduction half-reaction electron(s) is/are accepted. Thus, oxidation and 

reduction are antiparallel and simultaneously occurring electron-transfer processes. In 

organic and biochemical reactions oxidation is frequently accompanied by gaining oxygen 

or loosing hydrogen atoms; while reduction is manifested as losing oxygen or gaining 

hydrogen atoms. 

Half-cell potentials of reversible redox systems can be calculated according to the 

Nernst equation, of which form referring to 25oC as follows: 

 

𝐸 = 𝐸𝑜 −  
𝑅𝑇

𝑛𝐹
 𝑙𝑛

 [𝑟𝑒𝑑]

[𝑜𝑥]
 (6) 

 

where E is the actual redox potential (V), Eo
 is the standard redox potential (V), R is the 

gas constant (8.314 J mol-1 K-1), T is the temperature (K), n is the number of transferred 

electrons (per particle), F is the Faraday constant (96 485 C), and 

 

[red] = concentration (activity) of the reduced form of the redox system (mol/dm3). 

[ox] = concentration (activity) of the oxidized form of the redox system (mol/dm3). 

 

The direction of flow of electrons in a spontaneous redox reaction can be determined 

by comparison of the electrode and/or redox potentials of the reversible redox systems 

(ox1/red1 and red2/ox2) of the reactions. 

 

Ox1 + Red2 = Red1 + Ox2  (7) 

 

When E(red1/ox1) > E(red2/ox2) the direction of a spontaneous redox reaction 

corresponds to the above generalized chemical reaction. In other words, in spontaneous 

redox reaction the redox system with the more positive potential oxidizes the more negative 

one. The redox system with the more negative potential reduces the more positive one. 

Redox potentials of reversible redox systems can only be determined by measurements 

of potential differences. At first, the redox potentials were determined against the potential 
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of the standard hydrogen electrode (SHE) - with 1 M hydronium ion (H3O+) concentration 

(activity) and 1 atmosphere of hydrogen (H2) gas pressure on it - of which potential was 

arbitrary set to be zero (Eo = 0.00 V). The standard redox potential of the hydrogen is zero 

at pH 0 (1 M H3O+), however, for biologic systems, the biologic (apparent) half-cell redox 

potential (E’o) is normally expressed at pH 7 [70]. 

 

 

8.2. The Glutathione (GSH) and Glutathione Disulfide (GSSG) Reversible 

Redox System - Chemistry 

 

Although the importance of the GSH/GSSG redox system in biological redox 

processes has been long recognized, there is some uncertainty as to its half-cell potential. 

This is because direct measurement of the GSH/GSSG redox system (and another 

thiol/disulfide redox systems) by standard electrochemical methods is not possible due to 

formation of stable metal-thiolate complexes at the electrode surfaces. Thus, the redox 

potentials of GSH and other thiols can only be determined indirectly by measurement of 

equilibrium constants for their reaction with redox systems of known redox potentials. 

Willis et al. reported the E’o of the GSSG/GSH half-cell potential to be -0.263 V (pH 7, 

298 K, 0.1 M phosphate buffer) determined by 1H NMR method [71]. 

According to the second law of thermodynamics, the criterion for spontaneous change 

and equilibrium in a closed system with a single chemical reaction at constant temperature 

and pressure is given by the reaction Gibbs energy (rG). Gibbs energy is a state function, 

meaning that the change in Gibbs energy, when a system changes state, is independent of 

the path from the initial to the final state. This means that the standard reaction Gibbs 

energy (rG
o) of a given reaction is the same whether it takes place in one or more steps. 

It follows that 

 

rGo =  fGo (8) 

 

where rGo is the standard reaction Gibbs energy, fGo is the standard Gibbs energy of 

formation. 

The standard reaction Gibbs energy of a reaction is related to its equilibrium constant 

K by  

 

rGo = - RT ln K (9) 

 

where rGo is the standard reaction Gibbs energy, R is the gas constant, T is the temperature 

(K), K is the equilibrium constant. 
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This relation, which follows from the fact that at equilibrium ∆rG=0, enables derivation 

of ∆rGo from experimentally measured K. The standard reaction Gibbs energy of a reaction 

could theoretically be derived, by experimentally measuring the concentration of all 

reactants at equilibrium and plugging the above equation. It frequently occurs, however, 

that the reactants have ionizable functional groups. In such cases, if the equilibrium is set 

at a pH near their pKa values, several ionic species of the reactants may be present. Different 

species of the same reactant have different standard Gibbs energies of formation [70]. 

Accordingly, using the different species of reactant concentrations in equation (9), it 

gives neither the standard reaction Gibbs energy nor the equilibrium constant K. Instead, it 

gives what is known as standard transformed reaction Gibbs energy (rG’o) and apparent 

equilibrium constant (K’). Accordingly, in a closed system with a single biochemical 

reaction at constant temperature and pressure, and specified pH, the criterion for 

spontaneous change and equilibrium is given by the transformed reaction Gibbs energy 

 

rG’ ≤ 0 (10) 

 

To date, the most comprehensive tables of estimated rG’o values for biochemical 

compounds were compiled by Alberty [72, 73]. 

It is the importance of knowledge of standard transformed Gibbs energies of formation 

of reactants that they can be used to calculate standard apparent reduction potentials (E’o) 

at specified pH and ionic strength. Conversely, standard apparent reduction potentials at 

specified pH can be used to calculate standard transformed Gibbs energies of formation of 

one or two reactants in the half reaction [74]. The calculated standard apparent 

(biochemical) reduction potentials (E’o) of some biochemically important reversible redox 

systems (pH 7, T=298.15 K, ionic strength = 0.25 M) are listed in Table 5. 

 

Table 5. Calculated standard apparent reduction potentials (pH 7, 298.15 K, 0.25 M 

ionic strength) of some biochemically important reversible redox systems [75] 

 

System E’o (V) 

O2(aq) + 4 H+ + 4 e- = 2 H2O +0.849 

O2(aq) + 2 H+ + 2 e- = H2O2 +0.357 

Cytochrome c(Fe3+) + e- = Cytochrome c(Fe2+) +0.212 

Glutathione(ox) + 2 H+ + 2 e- = Glutathione(red) -0.288 

Thioredoxin(ox) + 2 H++ 2e- = Thioredoxin (red) -0.289 

NAD+(ox) + H+ + 2 e- = NADH(red) -0.316 

NADP+(ox) + H+ + 2 e- = NADPH(red) -0.317 

Cystine + 2 H+ + 2 e- = 2 Cysteine -0.363 

2 H+ + 2 e- = H2(g) -0.423 
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The pH dependent half-cell reduction potential of the GSH/GSSG reversible redox 

system draws attention to the reduction potentials of the variously protonated microspecies 

existing under different acid-base conditions. By means of determination of the species-

specific protonation constants, and the conditional equilibrium constants of the pH-

dependent redox equilibria, the standard redox potentials of six biogenic thiols were 

determined by 1H NMR method [76]. It was found, that that even minor changes in the 

sites of protonation could lead to differences in redox characteristics. Furthermore, not only 

the protonation of the thiolate itself, its protonation fraction, and the concomitant redox 

behavior found to be sensitive to minor pH changes, but the protonation status of the 

adjacent basic moieties could also influence the redox behavior by various inductive effects 

on the thiolate moiety. The highest thiolate oxidizability of GSH (−383 mV) belonged to 

the microspecies in which all other basic sites in the molecule were in non-protonated form. 

The easiest reducibility of GSSG (−325 mV) was born by the microspecies of complete 

amino and carboxylate protonation. The correlation between the thiolate basicity and the 

standard redox potentials verified the previous claims that thiolate basicity and 

oxidizability are proportional parameters [76]. 

 

 

8.3. The Glutathione (GSH) and Glutathione Disulfide (GSSG) Reversible 

Redox System – Biological Implications 

 

The glutathione (GSH) and glutathione disulfide (GSSG) reversible redox system 

 

GSSG + 2 e- + 2 H+ ↔ 2 GSH (11) 

 

is crucially participating and having a vital role in maintaining the environment of the 

intracellular redox system, antioxidant defense system, and cellular signaling processes 

[77-82]. 

The intracellular concentration of GSH is quite high and ranges from approx. 0.5 to 15 

mM. The concentration of GSSG is usually several orders of magnitude lower [80, 83]. 

The reduced form (GSH) is a key contributor to the cellular antioxidant defense system 

and to maintaining the intracellular redox milieu for the preservation of the thiol-disulfide 

redox states of proteins. In general, disruption in homeostasis of the cellular redox system 

will influence the normal physiology of cells such as differentiation, proliferation, cell 

signaling and programed cell death [82, 84]  

There are several redox couples in a cell that work together to maintain the redox 

environment, being the GSSG/2GSH couple the most abundant one in a cell. Within 

mammalian cells, glutathione exists mainly (98%) in the thiol-reduced form (GSH), 

whereas glutathione disulfide (GSSG) is usually less than 1% of GSH [85]. Its reduced 

form is largely maintained by the NADPH-dependent glutathione reductase [86]. The 
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average cellular concentration of glutathione and NADPH are about 5 mM, and 0.1 mM, 

and the half-cell reduction potential (E’0) of GSSG/2GSH and NADP/NADPH, (pH 7.0), 

are reported to be -288 mV and -317 mV, respectively (Table 5). 

The GSH/GSSG ratio is a critical mechanism for cell survival; in fact, it is known that 

it varies in association with proliferation, differentiation, and apoptosis [87]. As a result, 

the GSH/GSSG ratio is considering as a most common biomarker for the detection of 

cellular oxidative stress [84, 88, 89]. 

Shafer and Buettner pointed to the important feature of the cellular redox homeostasis 

[85]. They defined the term cellular redox environment, which is the summation of the 

products of the reduction potential and reducing capacity of the linked redox couples 

present in a biological fluid, organelle, cell or tissue. The redox state (Ehc) of a redox couple 

is defined by the half-cell reduction potential and the reducing capacity of that couple. In 

contrast to many other physiological redox systems, the redox state of the GSSG/GSH 

system not only depends on the GSH/GSSG ratio, the temperature and the pH, but also on 

the actual concentration of glutathione. This is in contrast with the NAD(P)+/NAD(P)H 

couples, where only the ratio of the interconvertible oxidized and reduced forms of these 

redox couples is enough.  

Both GSH and GSSG concentrations depend on the subcellular compartment, the cell 

type and the organism. Accordingly, the redox potential of the GSH/GSSG system varies 

from tissue to tissue, from organism to organism. This relays on the proportion of GSH and 

GSSG, and the total concentration of glutathione, which (their actual in vivo concentration 

and ratio) is quite difficult to estimate [80, 90]. For example, taking the local pH and 

GSH/GSSG ratios into consideration, cytosolic EpH7.0 = -289 mV (or even lower), 

mitochondrial matrix EpH7.0 = -296 mV (or even lower), and human plasma EpH7.4 = -118 

mV half-cell reduction potentials have been estimated [86]. Furthermore, correlation has 

been found between the cell cycle, the condition of the cell (stressed, apoptotic, etc.), and 

the GSH/GSSG ratio. For instance, in cell proliferation (Ehc = ~-240 mV), in cell 

differentiation (Ehc = ~-200 mV), and in apoptosis (Ehc= ~-170 mV), which can be 

applicable for a better understanding of cellular oxidative stress [82, 91]. 

Furthermore, glutathione reversibly reacts with sulfhydryl group (SH) of thiol-

containing proteins modifying them into an active or inactive form, in a process, which is 

known as S-glutathionylation. The aim of this alteration is for the protection of the sensitive 

thiol-containing proteins from irreversible oxidation. In the end, the process of S-

glutathiolation (also called S-glutathionylation) affects the activity of proteins and the 

cellular signaling process, in both ways; regulation or deregulation [79]. 

In the case of an oxidative challenge, interaction of GSSG with reactive cysteine 

residues of proteins to form mixed disulfides can occur [92]. By means of such thiol-

disulfide exchange, the oxidized form of glutathione (GSSG) can react with thiol-

containing proteins to form glutathione-protein disulfides (Pr-SSG) (12) or protein 

disulfides (Pr-SS-Pr) (13) [90]. The GSH/GSSG redox regulation of proteins happens 
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under circumstances of enzymatic actions and metabolic systems to control the exchange 

reaction and to sustain the proportion of GSH/GSSG [80]. 

 

2 GSSG + Pr-SH ↔ GSH + Pr-SSG (12) 

 

GSSG + 2 Pr-SH ↔ 2 GSH + Pr-SS-Pr (13) 

 

Oxygen, as a natural electron acceptor, is a reactive molecule altering redox states of 

cellular compartments. The cellular antioxidant defense system maintains reduced redox 

environment via modifying ROS to less harmless molecules [93]. Glutathione (GSH), 

being cosubstrate of GSH peroxidase (EC 1.11.1.9), takes part in elimination of hydrogen 

peroxide (H2O2) (14). The formed GSSG can be reduced back to GSH by the NADPH-

dependent GSH reductase (EC 1.8.1.7), maintaining the physiological redox environment 

of the cell (15). This GSH redox cycle is the major mechanism of the maintenance of the 

cellular GSH homeostasis during oxidant challenge that occurs in the case of peroxide 

exposure [91]. 

 

H2O2 + 2 GSH → 2 H2O + GSSG (14) 

 

GSSG + NADPH + H+→2 GSH + NADP+ (15) 

 

 

8.4. Oxidation Reactions of GSH and Other Cellular Thiols 

 

Both redox reactions and nucleophilic substitution or addition reactions of GSH are 

associated with the thiol chemistry of its cysteinyl moiety. They do not necessarily require 

enzyme catalysis to proceed and can occur in aqueous media under a wide range of 

conditions.  

The cysteine side chain, with its high nucleophilic capacity, appears to be the principal 

target of reactive oxygen and nitrogen species (ROS/RNS) in cells. In the thiolate form, it 

can react with H2O2 to generate a sulfenic acid (RSOH), and this oxidized form can be 

considered as a central species among thiol modifications. Reaction of GSH with H2O2 

results in formation of the respective sulfenic acid (RSOH) [94]. 

The heme-containing enzymes myeloperoxidase (MPO) and lactoperoxidase (LPO) 

use H2O2 to oxidize halides (Cl–, Br– and I–) and thiocyanate (SCN–) into their respective 

hypohalous acids (HOXs). These species are more reactive than H2O2 and can chemically 

modify cysteine and methionine residues of peptides and proteins. Thiols can react with 

HOCl and HOBr via formation of a very unstable sulfenyl halide (16, 17), which readily 

rearranges to sulfenic acid (RSOH) [95]. Otherwise, HOSCN generates a sulfonyl-

thiocyanate (18), which can react with another thiol to yield a disulfide and SCN– (19) [96] 
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R-S- + HOCl = R-S-Cl + OH- (16) 

 

R-S- + HOBr- = R-S-Br + OH- (17) 

 

R-S- + HOSCN = R-S-SCN + OH- (18) 

 

R1-S- + R-S-SCN = R1-S-S-R + SCN- (19) 

 

Nitrogen monoxide (NO), one of the most important RNS, is formed in the nitric 

oxidesynthase(NOS)-catalyzed oxidation of guanidine moiety of L-arginine. [97]. NO such 

as carbon monoxide (CO) and dihydrogen sulfide (H2S) is a small endogenous signaling 

molecule implicated in several biological processes. NO is a free radical with a relatively 

long half-life [98], which can freely diffuse across the membranes. The primary targets of 

NO include the soluble guanylyl cyclase, leading to production of cGMP and thus affecting 

its downstream targets. NO may also activate or inhibit proteins serving as a signal 

transducer by promoting S-nitrosylation, tyrosine nitration and binding to metal centers in 

proteins. The nitrosylation species are generated via further oxidation of NO. The main 

nitrosylation species is N2O3, of which formation can be explained by the following series 

of reactions (20-22). 

 

2 NO + O2 = 2 NO2 (20) 

 

NO2 + NO = N2O3 (21) 

 

R-S- + N2O3 = RS-NO + NO2
- (22) 

 

Reaction of NO with superoxide radical (O2∙-) converts the relatively unreactive NO to 

peroxynitrous acid (ONOOH). The pKa value of ONOOH is 6.8 [99], thus it is in 

equilibrium with its deprotonated form under physiological pH. Both forms are strong 

oxidant and can be involved in both one- or two-electron oxidations. It can be involved in 

oxidation of thiols to disulfides (RSSR) and sulfenic acid (RSOH) and S-nitrosylation of 

thiols, involving GSH [100]. 

Sulfenic acids (RSOH) are directly formed in vivo through oxidation of thiols with 

hydrogen peroxide or peroxynitrous acid, or alkyl peroxides. Several enzymes form -SOH 

intermediates during their catalytic cycles [94]. Furthermore, RSOH can be formed by 

hydrolysis of sulfonyl halides [95], sulfonyl thiocyanates [101], thiosulfinates [102] and S-

nitrosothiols [103]. Sulfenic acids can react with thiols to form disulfides (23) and the redox 

reaction represents an important biological process. The reaction allows recycling of 
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sulfenic acids since the formed disulfides can be reduced to thiols through the action of 

cellular reducing agents, such as glutathione (GSH). 

 

R-SOH + R1-SH = R-S-S-R1 + H2O (23) 

 

Sulfenic acids can be further oxidized to sulfinic acids (R-SO2H) in the presence of 

excess of ROS or RNS. Sulfenic acids are relatively stable species with pKa values around 

2. Thus, they can be found in deprotonated forms under physiological pH [104]. In 

deprotonated form, the sulfinate group ((R-SO2
-) can behave as a soft nucleophile [105] 

and can react with several electrophilic species such as alkyl halides [106] and ,-

unsaturated aldehydes [107]. Sulfinic acids can be further oxidized to sulfonic acids (R-

SO3H) but cannot be reduced by thiols. Sulfonic acid represents the highest S-oxidized 

form of cysteine and no biological pathway is known to reduce it [101]. 
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Abstract: Hyperglycemia is reported to be associated with oxidative stress. It can result in changes
in the activities of drug-metabolizing enzymes and membrane-integrated transporters, which can
modify the fate of drugs and other xenobiotics; furthermore, it can result in the formation of non-
enzyme catalyzed oxidative metabolites. The present work aimed to investigate how experimental
hyperglycemia affects the intestinal and biliary appearance of the oxidative and Phase II metabolites of
ibuprofen in rats. In vivo studies were performed by luminal perfusion of 250 µM racemic ibuprofen
solution in control and streptozotocin-treated (hyperglycemic) rats. Analysis of the collected intestinal
perfusate and bile samples was performed by HPLC-UV and HPLC-MS. No oxidative metabolites
could be detected in the perfusate samples. The biliary appearance of ibuprofen, 2-hydroxyibuprofen,
ibuprofen glucuronide, hydroxylated ibuprofen glucuronide, and ibuprofen taurate was depressed
in the hyperglycemic animals. However, no specific non-enzymatic (hydroxyl radical initiated)
hydroxylation product could be detected. Instead, the depression of biliary excretion of ibuprofen
and ibuprofen metabolites turned out to be the indicative marker of hyperglycemia. The observed
changes impact the pharmacokinetics of drugs administered in hyperglycemic individuals.

Keywords: ibuprofen; streptozotocin; hyperglycemia; intestinal metabolism; hepatic metabolism;
HPLC-MS

1. Introduction

Ibuprofen (IBP) (1) is a non-steroidal anti-inflammatory drug (NSAID) belonging to
the group of 2-arylpropionic acids (Figure 1). It is an alkylbenzene with a carboxylic acid
functional group [1]. The molecule, carrying a center of symmetry, is used in therapy in
racemic form. It is most commonly used by oral administration. Absorption is mediated
mainly from the small intestine; however, the role of the stomach is not negligible either.
After absorption, the (R)-enantiomer of the racemic mixture undergoes unidirectional
(R)–(S) transformation in the liver resulting in formation of the pharmacologically more
active enantiomer [2].

Over 70% of ibuprofen is metabolized and excreted in the urine. The major route of
metabolism of the parent compound is oxidative conversion catalyzed by CYP enzymes,
resulting in the formation of hydroxyl-substituted ibuprofen metabolites, 1-hydroxy-(1-OH-
IBP) (2), 2-hydroxy-(2-OH-IBP) (3), and 3-hydroxyibuprofen (3-OH-IBP) (4). The latter is
oxidized to the corresponding 3-carboxy derivative (HOOC-IBP) (5) in the cytosol (Figure 1).
Both IBP and its oxidized metabolites were reported to form glucuronic acid conjugates (6)
excreted in the feces or the urine [1–3].
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Figure 1. Structural formula of plausible metabolites of ibuprofen (IBP) (1): 1-hydroxyibuprofen (1-

OH-IBP) (2), 2-hydroxyibuprofen (2-OH-IBP) (3), 3-hydroxyibuprofen (3-OH-IBP) (4), carboxyibu-

profen (HOOC-IBP) (5), ibuprofen-β-D-glucuronide (IBP-GLU) (6), ibuprofen taurate (IBP-TAU) (7), 

hydroxylated ibuprofen (8), and glucuronide conjugate of a hydroxylated ibuprofen (9). (The posi-

tion of the hydroxyl substitution of 8 and 9 is uncertain.) 

Reactive oxygen species (ROS) can be found in the background of most inflammatory 

(e.g., rheumatoid arthritis) and neurodegenerative diseases (e.g., Alzheimer’s disease, 

Parkinson’s disease) and in the pathomechanism of cardiovascular diseases and metabolic 

disorders (e.g., diabetes) [4–7]. They are capable of oxidizing endogenous and exogenous 

molecules in non-specific non-enzyme-catalyzed reactions. For example, while diabetic 

individuals were treated with acetylsalicylic acid, a significant increase in the plasma level 

of salicylate metabolites (e.g., 2,3-dihydroxybenzoic acid) produced exclusively by a non-

enzyme-catalyzed hydroxylation reaction has been observed [4]. 

Diabetes mellitus is a complex endocrine metabolic disorder that affects a large pro-

portion of the world’s population. It is a well-known risk factor for cardiovascular disease 

and atherosclerotic complications, especially coronary heart disease. Hyperglycemia is a 

leading factor in diabetic complications, inducing tissue damage through different path-

ways [7]. These biochemical pathways generate reactive oxygen species (ROS), increasing 

oxidative stress [7,8]. One of the major sources of ROS formation in diabetic patients is the 

vascular type (Nox) NADPH oxidases [9]. Nox enzymes are, however, not the only source 

of ROS under hyperglycemic conditions; mitochondria and uncoupling of endothelial NO 

synthase also contribute to oxidative stress [10]. 

Strong research evidence has been accumulated to indicate that disease–drug inter-

actions can profoundly affect the response to medication [11]. Changes in the amount and 

function of enzymes and transporters may alter the pharmacokinetics of the compounds 

[11–13]. Earlier, we investigated how the activity of the synthesizing and hydrolytic en-

zymes involved in glucuronide and sulfate conjugation were affected in streptozotocin 

(STZ)-treated rats. Activity of the UDP-glucuronyltransferase was significantly decreased 

in the liver of the STZ-treated rats. On the other hand, activity of the sulfotransferase and 

the respective hydrolytic enzymes did not change significantly [14]. According to these 

observations, we found the biliary excretion of ibuprofen glucuronide (IBP-GLU) in the 

STZ-treated (hyperglycemic) experimental animals statistically lower than in the controls 

[15]. 

As a continuation of these earlier studies, in our present experiment, biliary excretion 
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Figure 1. Structural formula of plausible metabolites of ibuprofen (IBP) (1): 1-hydroxyibuprofen
(1-OH-IBP) (2), 2-hydroxyibuprofen (2-OH-IBP) (3), 3-hydroxyibuprofen (3-OH-IBP) (4), carboxy-
ibuprofen (HOOC-IBP) (5), ibuprofen-β-D-glucuronide (IBP-GLU) (6), ibuprofen taurate (IBP-TAU)
(7), hydroxylated ibuprofen (8), and glucuronide conjugate of a hydroxylated ibuprofen (9). (The
position of the hydroxyl substitution of 8 and 9 is uncertain).

Reactive oxygen species (ROS) can be found in the background of most inflammatory
(e.g., rheumatoid arthritis) and neurodegenerative diseases (e.g., Alzheimer’s disease,
Parkinson’s disease) and in the pathomechanism of cardiovascular diseases and metabolic
disorders (e.g., diabetes) [4–7]. They are capable of oxidizing endogenous and exogenous
molecules in non-specific non-enzyme-catalyzed reactions. For example, while diabetic
individuals were treated with acetylsalicylic acid, a significant increase in the plasma
level of salicylate metabolites (e.g., 2,3-dihydroxybenzoic acid) produced exclusively by a
non-enzyme-catalyzed hydroxylation reaction has been observed [4].

Diabetes mellitus is a complex endocrine metabolic disorder that affects a large pro-
portion of the world’s population. It is a well-known risk factor for cardiovascular disease
and atherosclerotic complications, especially coronary heart disease. Hyperglycemia is a
leading factor in diabetic complications, inducing tissue damage through different path-
ways [7]. These biochemical pathways generate reactive oxygen species (ROS), increasing
oxidative stress [7,8]. One of the major sources of ROS formation in diabetic patients is the
vascular type (Nox) NADPH oxidases [9]. Nox enzymes are, however, not the only source
of ROS under hyperglycemic conditions; mitochondria and uncoupling of endothelial NO
synthase also contribute to oxidative stress [10].

Strong research evidence has been accumulated to indicate that disease–drug inter-
actions can profoundly affect the response to medication [11]. Changes in the amount
and function of enzymes and transporters may alter the pharmacokinetics of the com-
pounds [11–13]. Earlier, we investigated how the activity of the synthesizing and hydrolytic
enzymes involved in glucuronide and sulfate conjugation were affected in streptozotocin
(STZ)-treated rats. Activity of the UDP-glucuronyltransferase was significantly decreased
in the liver of the STZ-treated rats. On the other hand, activity of the sulfotransferase
and the respective hydrolytic enzymes did not change significantly [14]. According to
these observations, we found the biliary excretion of ibuprofen glucuronide (IBP-GLU)
in the STZ-treated (hyperglycemic) experimental animals statistically lower than in the
controls [15].
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As a continuation of these earlier studies, in our present experiment, biliary excretion
of the oxidative and Phase II metabolites of IBP was investigated in the control and the STZ-
treated rats. By application of the previously used in vivo protocol [14–16], we investigated
how hyperglycemic conditions affect the intestinal and biliary appearance of the oxidative
and Phase II metabolites of IBP. The biliary oxidative profiles were compared with those of
two in vitro tests (Fenton and Udenfriend tests), in which reactive oxygen species (hydroxyl
radicals) are supposed to react with IBP in non-enzyme-catalyzed reactions [17].

2. Results
2.1. Blood Glucose Level

Diabetes was induced with a single iv dose of 65 mg/kg STZ [18]. Hyperglycemia was
confirmed after one week of the STZ-treatment [19]. The average blood glucose level of the
control animals was 6.7 ± 1.5 mM, while that of the STZ-treated rats was 23.4 ± 2.8 mM.

2.2. Fenton Tests

Earlier, we investigated how the ratio of the molar concentration of the substrate (sali-
cylic acid) to the iron(II) ion in the Fenton test affects the effectiveness of the hydroxylation
reaction. The present investigations were performed using the more effective conditions,
using the substrate: iron(II): hydrogen peroxide molar ratio as 1:3:1 [20].

For analysis of the samples, a high-performance liquid chromatographic gradient
method (Method I) with UV detection (HPLC-UV) was developed to separate the available
oxidative metabolites of IBP (Figure 2).
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Figure 2. HPLC-UV chromatogram (Method I) of IBP and oxidative metabolites of IBP in ACN
(30 µg mL−1 each). The retention times (tR) of the separated standards are as follows: 3-OH-IBP
(4) (3.89 min), SA (internal standard) (7.73 min), 2-OH-IBP (3) (14.96 min), HOOC-IBP (5) (18.15 min),
1-OH-IBP (2) (19.85 min), and IBP (1) (23.70 min).
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HPLC-UV analysis (Method I) of the Fenton extracts indicated the formation of 1-
OH-IBP (2), 2-OH-IBP (3), and several other products (Figures S1 and S2). To verify the
structures of 2 and 3 and to identify other oxidation products, a high-performance liquid
chromatographic analysis using mass spectrometric detection (HPLC-MS) of the extracts
was performed. HPLC-MS investigations confirmed the presence of 2 (m/z 221.1178),
3 (m/z 221.1178), and HOOC-IBP (5) (m/z 235.0969) (Figures S3–S5). The derivative (8)
with the highest HPLC-UV integrated peak area (tR = 22.05 min) could not be unambigu-
ously identified (Figure 1). The formed product (X-HO-IBP) has an exact mass of m/z
221.1175 and its fragmentation makes no distinction between the 2′-OH-IBP and OH(Ar)-
IBP structures (Figure S6A,B). Another IBP-derived HPLC-UV peak (tR = 21.09 min) was
identified as a dihydroxy ibuprofen (10) (OH-IBP-OH) derivative (m/z 237.1125) (Figure S7).
Determination of the exact structures needs further investigation. The change in HPLC-UV
integrated peak areas of 2, 3, 8, and 10 (relative to that of the internal standard) as a function
of incubation times is shown in Figure S8.

2.3. Udenfriend’s Test Results

Using the in vitro non-enzyme-catalyzed hydroxylation test developed by
Udenfriend et al., [21,22], a similar oxidative metabolic pattern of IBP could be observed.
Similar to the Fenton incubations, the derivatives with the tR values of 22.03 min (8) and
21.07 min (10) were those with the highest HPLC-UV peak areas (Figures S9 and S10).
2-HO-IBP (3) was formed in lower amounts than in the respective Fenton samples (Fig-
ure S11). 1-OH-IBU (2) could not be detected. HPLC-MS investigations of the samples
confirmed the presence of the 2, 3, 5, 8, and 9 derivatives.

2.4. Analysis of Intestinal Perfusate and Bile Samples

For HPLC-UV analysis of the biological samples, a modified method was developed
(Method II) to separate the oxidative metabolites and the glucuronide conjugate of IBP
(Figure S12). HPLC-UV analysis of the ether extract of the intestinal perfusate samples of
the control and the hyperglycemic animals did not indicate either hydroxy- or carboxy-
ibuprofen metabolites (Figures S13–S15). However, contrary to our previous HPLC-UV
measurements [15], IBP-GLU (6) (m/z 381.1552) could be identified by HPLC-MS in the
perfusate of both the control and the STZ-treated animals (Figure S16).

HPLC-UV analysis of the ether extract of bile samples showed the presence of IBP
(1), IBP-GLU (6), and 2-OH-IBP (3). HPLC-MS analysis confirmed the presence of 1 (m/z
205.1229), 6 (m/z 381.1549), and 3 (m/z 221.1178) in both the control and the hyperglycemic
samples. To keep the number of experimental animals low, the results were evaluated by
comparing the integrated HPLC-UV peak areas (relative to the internal standard) of the
compounds. The areas were lower in the bile samples of the STZ-treated animals at each
investigated timepoint (Figure 3).

Considering the respective bile outflows, the relative amounts of the cumulative
excretions of 1, 6, and 3 were calculated. The result showed a depression in biliary excretion
of all the three compounds in the STZ-treated animals. In our earlier experiments (using
the same experimental protocol), the cumulative biliary excretion of IBP was reduced by
53% [15]. The present data indicated similar (58%) depression. For IBP-GLU and 2-OH-IBP,
the excretion was depressed by 63% and 49%, respectively (Figure 4). Additionally, several
other peaks appeared in the extracts (Figures S17–S19). Based on the HPLC-MS analysis of
the samples, these peaks are bile acids and conjugated bile acid derivatives. Based on their
high-resolution mass spectra, cholic acid (exact mass: 407.2798), glycocholic acid (exact
mass: 464.3012), taurochenodeoxycholic acid (exact mass: 498.2889), and taurocholic acid
(exact mass: 514.2839) was identified.
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Figure 3. Change in the HPLC-UV integrated peak areas (relative to the internal standard) of
ibuprofen (1) and the ibuprofen metabolites (IBP-GLU (6) and 2-OH-IBP (3)) in the diethyl ether
extract of bile of control and hyperglycemic (STZ) rats (Method II).
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Figure 4. Cumulative biliary excretion (HPLC-UV (Method II) based integration) of IBP (1), IBP-GLU
(6), and 2-OH-IBP (3) after the 90-min luminal perfusion of 250 µM IBP in control and hyperglycemic
(STZ-treated) rats. Each value represents the average of five independent experiments ± standard
error. Significant difference from the control value: * p < 0.05, ** p < 0.01.

Furthermore, an HPLC-MS analysis of the bile samples confirmed the presence of the
glucuronide conjugate of a hydroxylated ibuprofen (9) (exact mass: 397.1501) (X-OH-IBP-
GLU) and the taurine conjugate of ibuprofen (7) (exact mass: 312.1275) (IBP-TAU) (see
Figures S20 and S21, respectively). The cumulative biliary excretion of X-OH-IBP-GLU and
IBP-TAU in the control and the STZ-treated rats are shown in Figure 5A,B. The excreted
X-OH-IBP-GLU and IBP-TAU were depressed by 92% and 98%, respectively.
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Figure 5. Cumulative biliary excretion (HPLC-MS based integration) of the (A) X-OH-IBP-GLU
(9) and (B) IBP-TAU (7) after the 90-min luminal perfusion of 250 µM IBP in control and hyperglycemic
(STZ) rats. Each value represents the average of five independent experiments ± standard error.
Significant difference from the control value: ** p < 0.01.

3. Discussion

Ibuprofen (IBP) undergoes extensive Phase I and Phase II biotransformation to the
main metabolites 1-OH-IBP (2), 2-OH-IBP (3), HOOC-IBP (5), and IBU-GLU (6) [1–3]. In hu-
mans, the CYP2C9 isoform plays the most important role in the oxidative metabolism
of IBP, mediating the 2- and 3-hydroxylations and the subsequent 3-oxidation in the
liver [23,24]. Additional CYPs, particularly CYP2C8, may also play a role in these biotrans-
formations [24,25]. The enzyme responsible for the 1-OH-IBP (2) formation has not been
identified [26,27].

In rats, the most abundant CYP2C isoform is CYP2C11, whereas the other isoforms
were present at much lower levels. The human CYP2C9 and CYP2C8 proteins are ortholo-
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gous to the rat CYP2C12 and CYP2C11 [28]. After oral administration, IBP appeared mainly
in an unchanged form in the plasma of rats. In addition, two metabolites, 2-OH-IBP (3)
and HOOC-IBP (5), were found in the plasma and the urine [29]. Yamazoe et al., studied
the effect of alloxan and STZ on the expression of hepatic CYP enzymes in rats. In most
cases, the expression of the CYP proteins was either not affected or depressed [30]. Later,
Shimojo reviewed the effects of hyperglycemia on rat hepatic CYP expressions. According
to the reviewed publications, the amount of CYP2C11 and CYP2C13 was suppressed, while
CYP2C12 did not change or somewhat increased [31]. Recently, Yang and Liu reviewed
the effect of diabetes on the drug transporter–CYP interplays. They referred to further
studies that demonstrate a lowered expression of hepatic CYP2C11 in diabetic rats [13].
Accordingly, decreased levels of hydroxylated IBP metabolites formed in CYP-catalyzed
reactions can be rationalized.

During inflammation, for example, stimulated polymorphonuclear leukocytes (PMN)
and macrophages produce large amounts of superoxide ions and hydrogen peroxide [32].
There are many examples of exogenous H2O2 initiating redox signals or stress responses.
Furthermore, receptor-mediated redox signaling is widely regarded as involving endoge-
nously generated H2O2 [32,33]. On the other hand, many of the biologically damaging
effects of H2O2 depend on transition metals such as iron and copper, which cleave the
peroxide bond to generate hydroxyl radicals or activated metal complexes [34]. Hydroxyl
radicals are powerful electrophilic reactants that can oxidize endogenous or exogenous
molecules. Therefore, the importance of non-enzymatic oxidation can be particularly
significant at the sites of inflammation [35].

To model non-enzymatic oxidation, oxidation products of IBP formed under the
conditions of the Fenton reaction [36] and Udenfriend’s oxidation [21,22] were investigated
by HPLC-UV and HPLC-MS methods. The Fenton reaction is a tool for modeling oxidative
stress by forming hydroxyl radicals in a reaction of hydrogen peroxide and some transitional
metals. The key features of the reaction are believed to be the reaction conditions, such
as reagent concentrations, pH, and temperature [37]. Earlier, we applied the reactions to
study the oxidative transformation of salicylates [20,38].

The Fenton oxidation of IBP resulted in the formation of several products. Among
them, 1-OH-IBP (2), 2-OH-IBP (3), and HOOC-IBP (5) were identified by HPLC-UV and
HPLC-MS. Among these products, 1-OH-IBP (2) was found in the largest amount (Figure 1).
Additionally, a small amount of a dihydroxyibuprofen (tR = 8.91 min) (10) and a significant
amount of a new hydroxyl-substituted derivative (tR = 9.24 min) (8) were found. Hydroxyl
radicals have been reported to react with IBP to form 1-OH-(2), 2′-OH-, and OH(Ar)-IBP
derivatives [39]. Based on the HPLC retention time (tR= 9.24 min), the new hydroxyl deriva-
tive could be the 2′-OH-IBP or an OH(Ar)-IBP. As shown in Figure S6B, the main fragment
ion (C12H17O; m/z 177.1251) is formed by the CO2 loss of the hydroxylated IBP derivative
(m/z 221.1175). The CO2 loss occurs already in the ionization source (Figure S6A). The
other main decomposition peak (m/z 119.0472) corresponds to a C8H7O (vinyl phenol or
acetophenone; exact mass: m/z 119.0497, mass error: −21.0 ppm) fragment [40]. Although
the m/z 149.0576 peak can be assigned as a C9H9O2 fragment (exact mass m/z 149.0603;
mass error: −18.1 ppm), the exact structure of the formed product cannot be unambigu-
ously determined. Since H-abstraction is thermodynamically more favored than the OH
addition and its reaction rate is an order of magnitude higher [41,42], the new hydroxylated
product was tentatively identified as the 2′-OH-IBP (Figure S6A,B). Further investigations
are to be performed to experimentally prove the results of the theoretical calculations.
1,2-Dihydroxyibuprofen was reported to form in the biodegradation of IBP [43].

Udenfriend et al., described a system consisting of EDTA, ascorbic acid, molecular
oxygen, and iron(II) ion, which would serve as a model of the biomimetic hydroxylation of
organic substrates [21,22]. Ito et al., demonstrated that the reactive species are hydroxyl
radicals (trapped by different aliphatic alcohols) in both the Fenton and the Udenfriend
reagents [44]. Udenfriend’s oxidation of IBP resulted in the formation of products similar
to those formed in the Fenton incubations (Figure 4). Based on this observation, it is
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reasonable to presume that the reactive species are the same in both reactions. The above
results indicate that in vivo Fenton-type [37,45] or Udenfriend-type [46] non-enzymatic
hydroxylation of IBP—based on measurement of 8 and/or 9—can be used as an early sign
of oxidative stress conditions.

While analyzing the 250 µM ibuprofen containing intestinal perfusates of control
and STZ-treated hyperglycemic rats, none of the oxidative metabolites (formed in CYP-
catalyzed or non-CYP-catalyzed reactions) of IBP (1) could be detected by HPLC-UV or
HPLC-MS. Contrary to the previous [15] (and the present) HPLC-UV measurements, IBP-
GLU (6) conjugate could be detected and identified in the perfusates by HPLC-MS. This
result indicates the formation of 6 in the rats’ small intestine, which could not be detected
by the less sensitive UV detection.

HPLC-UV analysis of the collected bile samples showed the presence of IBP (1), IBP-
GLU (6), and 2-OH-IBP (3). HPLC-MS analysis of the bile samples of both the control
and the hyperglycemic group of animals confirmed the presence of the three compounds.
According to our previous results [15], excretion of both 1 and 6 into the bile decreased
in experimental diabetes; similarly, biliary excretion of 3 was also reduced in the hyper-
glycemic rats (Figure 4). In our earlier experiments, the biliary excretion of 4-nitrophenol
and its glucuronic acid and sulfate conjugates were significantly decreased in diabetic
rats [16].

In addition to the above, the glucuronide conjugate of a hydroxylated IBP (9) and the tau-
rine conjugate of IBP (7) could also be identified by means of HPLC-MS (Figures S20 and S21).
Earlier, Shirley et al., reported on the formation of IBP-CoA and IBP-TAU (7) in in vitro
incubations using rat hepatocytes [47]. Similar to those results, the HPLC-MS analysis of
our bile samples indicated the presence of IBP-TAU (7) but not of the glycine conjugate
(IBP-GLY). To the best of our knowledge, this is the first in vivo observation of the excretion
of IBP-TAU into the bile.

The excreted amounts of 9 and 7 were significantly lower in the STZ-treated rats’ bile
samples. Although the bile outflow was slightly increased in the STZ-treated animals over
the studied period, a comparison of the relative amounts of the excreted 9 and 7 (based on
the HPLC-MS data) indicated reduced excretion of IBP-TAU in the STZ-treated animals
(Figure 5). Depression of biliary excretion of IBP-TAU can be explained by the earlier results
related to the reduced biliary excretion of IBP and IBP-GLU in hyperglycemic rats [48–50].
Hasegawa et al., [46] reported that the hepatic expression of the efflux transporter MRP2
is decreased in the STZ-treated rats. Similarly, expression of the efflux transporter P-gp
(MDR1) was reduced in hyperglycemia [49–51]. In agreement with these earlier results, our
molecular biology studies on liver samples of the STZ-treated rats showed decreased ex-
pression of the efflux transporters P-gp (MDR1B), MRP2, and BCRP [15]. These transporters
are involved in exporting organic anions from the hepatocytes into the bile canaliculus [52].
Furthermore, hyperglycemia is also associated with a decline in the levels of the endoge-
nous antioxidant taurine in several tissues [53,54].

4. Materials and Methods
4.1. Chemicals

1-Hydroxyibuprofen (1-OH-IBP) and 2-hydroxyibuprofen (2-OH-IBP) were obtained
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Ibuprofen (IBP), salicylic acid (SA),
streptozotocin (STZ), ibuprofen-β-D-glucuronide (IBP-GLU), and carboxyibuprofen (HOOC-
IBP) were purchased from Sigma-Aldrich (Budapest, Hungary). 3-Hydroxyibuprofen (3-
OH-IBP) was from HPC Standards GmbH (Cunnersdorf, Germany). All chemicals and
reagents were analytical or HPLC grade. The standard isotonic perfusion medium had the
following compositions (mM): NaCl 96.4, KCl 7.0, CaCl2 3.0, MgSO4 1.0, sodium phosphate
buffer (pH 7.4) 0.9, tris buffer (pH 7.4) 29.5, glucose 14.0, mannitol 14.0. Blood glucose level
was checked with an AccuChek blood glucose meter (Roche).
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4.2. Fenton Test

The experiments were performed as described before [20]. Iron(II) sulfate (100 µL of
30 mM) solution (in pH 3.0 sulfuric acid) was mixed with 700 µL of sulfuric acid (pH 3.0)
and the mixture was vortexed for 30 s. Then, 100 µL of 10 mM IBP in phosphate buffer
pH 7.2 was added and vortexed. The total volume was set to 1 mL by adding 100 µL of
10 mM hydrogen peroxide. The components were mixed in the respective order and the
reaction mixtures were placed in a 37 ◦C water bath. The samples were analyzed after 0, 10,
60, 80, and 120 min of incubation. “Blank” samples did not contain IBP.

At the end of each incubation period, the mixtures were acidified with 20 µL of 2 M
sulfuric acid and 50 µL of 10 mM salicylic acid as an internal standard was added (final
concentration 0.467 mM). The samples were vortex mixed and extracted twice with 2 mL of
diethyl ether. The combined ether extracts were evaporated under N2 gas. Before HPLC
and LC-MS analysis, the dry residue was reconstructed in 100 µL of acetonitrile.

4.3. Udenfriend’s Assay

The assay was performed as reported earlier [38]. To a test tube, 3.0 mL of distilled
water, 4.0 mL of 2.5 mM IBP solution in 0.1 M phosphate buffer (pH 7.2), 1.0 mL of 10 mM
ascorbic acid, 1.0 mL of 2.4 mM Na2EDTA, and 1.0 mL of 2.0 mM Fe(NH4)2(SO4)2 solution
were added, in the order of listing. The mixture was vortexed after adding each component.
Then, it was incubated in a water bath at 37 ◦C for 2 h with gentle mechanical shaking, and
1.0 mL aliquot was taken from the mixture at 0, 10, 60, 80, and 120 min.

To the 1.0 mL aliquot, 1.0 mL of 0.4 M ice-cold perchloric acid and 100 µL of 10 mM of
salicylic acid (as an internal standard) were added (final concentration of 0.476 mM). The
acidic solution was cooled in icy water and extracted twice with 3.0 mL of diethyl ether.
The combined ether layers were evaporated under N2 gas. Before analysis, the dry residue
was reconstructed in 100 µL of acetonitrile.

4.4. Animals and Experimental Procedure

The experiments were performed following the protocol before [14–16]. Male Wistar
rats (9–11 weeks old, weighing 250–300 g; TOXI-COOP, Hungary, Budapest) were separated
into two groups: Group I (control) and Group II (diabetic) animals (n = 5 per group). Exper-
imental diabetes was induced by a 65 mg/kg bw intravenous injection of streptozotocin
(STZ) one week before the intestinal perfusion. Blood glucose levels were tested before
the STZ-treatment and before starting the experiments. The experimental animals were
provided standard chaw and water ad libitum.

The animals had fasted for 18–20 h before the experiments, then anesthetized with an
intraperitoneal injection of urethane (1.2 g/kg bw). The abdomen was opened by a midline
incision. A jejunal loop (length of the jejunal loop about 10 cm) was “in vivo” isolated and
cannulated at its proximal and distal ends. Body temperature was maintained at 37 ◦C
using a heat lamp.

Perfusion through the lumen of the jejunal loop with an isotonic medium containing
250 µM ibuprofen was carried out at a rate of 13 mL/min in a recirculation mode. Perfusate
samples (250 µL) were collected at selected timepoints (15, 30, 45, 60, 75, and 90 min) from
the perfusion medium flowing out from the intestinal loop. The initial volume of the
perfusate was 15 mL and its temperature was maintained at 37 ◦C.

For parallel investigation of the biliary excretion, the bile duct was cannulated with
PE-10 tubing. The bile outflow was collected in 15-min periods into tared Eppendorf tubes
placed in ice. The collected samples were stored in a deep freezer (−70 ◦C) until analysis.
Bile flow was measured gravimetrically, assuming a specific gravity of 1.0 [55]. Biliary
excretion was expressed as the product of the HPLC peak areas (relative to the internal
standard) and the 15-min periods of bile flows (µL/kg/min). The values (arbitrary units)
represent the mean ± S.E. of five independent experiments.
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4.5. Sample Preparation

To 0.1 mL of perfusate sample or 50 µL of bile sample, 20 µL of 2 M sulfuric acid and
10 µL of 10 mM salicylic acid (as an internal standard) were added. (The final concentration
of SA in the perfusate and the bile samples was 0.77 mM and 1.25 mM, respectively.) Then,
the samples were vortex mixed and extracted twice with 0.5 mL of diethyl ether. After
vortexing (30 s) and centrifugation (5 min, 5000 rpm), the ether layers were separated
and the combined ether extracts were evaporated under N2 gas. Before HPLC-UV and
HPLC-MS analysis, the evaporation residue was reconstructed in 100 µL of acetonitrile.

4.6. Sample Analysis
4.6.1. HPLC-UV

HPLC-UV analyses (Method I) of the Fenton and the Udenfriend samples were per-
formed on an integrated Agilent 1100 HPLC system equipped with a quaternary HPLC
pump, a degasser, an autosampler, a thermostated column compartment, and a diode-array
detector. Data were recorded and evaluated by Agilent ChemStation software (Rev.B.03.02-
SR2). HPLC-UV analysis (Method II) of the perfusate and bile extracts was performed on an
integrated Jasco HPLC (LC-4000) system equipped with a PDA detector and a quaternary
HPLC pump, a degasser, an autosampler, a thermostated column compartment, and a PDA
detector. Data were recorded and evaluated by ChromNAV Data System (Ver.2).

Method I. Separation of compounds was performed on a Teknokroma (NUCLEOSIL
C18) (4.6 mm × 250 mm, 5 µm particle size) column with a Teknokroma (ODS cartridge,
1 cm × 0.32 cm) guard column at 40 ◦C. The mobile phase consisted of 0.02 M phosphate
buffer pH 2.5 (A) and acetonitrile (B) with a flow rate of 1.5 mL/min. The analyses
(detection at 220 nm) were performed using the following gradient profile: 20% B for
15 min followed by a 5 min linear gradient to 60% B, a 4 min isocratic elution followed by a
2 min linear gradient to 20% B, and a 4 min equilibration. The injected volume was 10 µL.

Method II. Separation of compounds was performed on a Zorbax SB C-18
(4.6 mm × 150 mm, 5µm particle size) column with a Teknokroma (ODS cartridge,
1 cm × 0.32 cm) guard column at 40 ◦C. The mobile phase consisted of 0.02 M phosphoric
acid pH 2.5 (A) and acetonitrile (B) with a flow rate of 1.6 mL/min. The analyses (detection
at 220 nm) were performed using the following gradient profile: 20% B for 5 min followed
by a 0.5 min linear gradient to 30% B, a 4.5 min isocratic elution followed by a 0.1 min linear
gradient to 60% B, a 4.9 min isocratic elution followed by a 0.1 min linear gradient to 20%
B, and a 4.9 min equilibration. The injected volume was 10 µL.

4.6.2. HPLC-HESI-MS

To identify the metabolites, a Thermo Dionex UltiMate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) connected to a Thermo Q Exactive Focus quadrupole-
Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was
used. Data acquisition and analysis were performed using the Q Exactive Focus 2.1,
Xcalibur 4.2., and FreeStyle 1.8 software (Thermo Fisher Scientific, Waltham, MA, USA).

The HPLC separation was performed on an XTerra MS C18 column (150 mm × 2.1 mm,
3.5 µm) with XTerra MS C18 precolumn (5 mm × 2.1 mm, 3.5 µm) at 40 ◦C. The injection
volume was 5 µL and the flow rate was 0.4 mL/min. The tray of the autosampler vials was
thermostated at 25 ◦C. A binary gradient of the eluents is as follows.

Eluent: 5 mM ammonium-acetate/5 mM acetic acid in water (A) and methanol (B).
Gradient: 10% B for 1 min, followed by a 9 min linear gradient to 90% B, a 2 min isocratic
elution followed by a 0.5 min linear gradient to 10% B, and a 2.5 min equilibration.

Analysis of the compounds was performed in HESI negative ionization modes with
the following parameters: spray voltage 3.0 kV; probe heater temperature 300 ◦C; capillary
temperature 350 ◦C; spray and auxiliary N2 gas flows 20 and 5 arbitrary units, respectively;
S-Lens RF level 50%; automatic gain control 1 × 106; resolution (at 200 m/z) 70,000; data
acquisition range m/z 100–1000, in full scan mode.
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4.7. Statistical Analysis

HPLC-UV integrated peak areas (relative to the internal standard) of oxidized ibupro-
fen metabolites were qualitatively analyzed in the Fenton and Udenfriend experiments
based on incubation time. Biliary excretion was expressed as the product of the HPLC peak
areas (relative to the internal standard) and the 15-min period of bile flows (µL/kg/min).
The values (arbitrary units) represent the mean ± S.E. of five independent experiments.
The difference among groups was determined by an SPSS independent t-test. Significant
differences from the control value: * p< 0.05 and ** p < 0.01.

4.8. Ethical Approval

The study was designed and conducted according to European legislation (Directive
2010/63/E.U.) [56] and Hungarian Government regulation (40/2013, II. 14.) [57] on the
protection of animals used for scientific purposes. The project was approved by the
Animal Welfare Committee of the University of Pécs and by the Government Office of
Baranya County (license No. BAI35/51-61/2016 and license supplement (supplement No.
BAI35/90-5/2019)).

5. Conclusions

The present results show that one of the main hydroxylated IBP derivatives formed
in the non-enzyme-catalyzed oxidation reactions (Fenton and Udenfriend tests) is a hy-
droxylated IBP derivative (8). Since the formation of neither 2′-OH-IBP nor OH(Ar)-IBP
(8)—the possible structures of the product—has not been reported in CYP-catalyzed re-
actions, formation of this derivative might be used as a biomarker of oxidative stress in
living organisms.

Contrary to 4-nitrophenol [16] and capsaicin [58]—both are phenolic derivatives—the
glucuronide conjugate of ibuprofen could be detected only in a trace amount in the small
intestinal perfusates. On the other hand, IBP (1), IBP-GLU (6), and IBP-TAU (7) were
excreted by the liver. However, no specific non-enzymatic hydroxylation product could
be detected.

The results are in agreement with the previous experimental findings demonstrat-
ing decreased expression of the organic anion transporters P-gp (MDR1), MRP2, and
BCRP in the liver of the STZ-treated (hyperglycemic) animals. Such changes impact the
pharmacokinetics of drugs administered in hyperglycemic individuals.
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Abstract:

Diabetic complications are mostly due to hyperglycemia. Hyperglycemia 
is reported to be associated with oxidative stress. It can result in 
changes in the activities of drug-metabolizing enzymes and membrane-
integrated transporters, which can modify the fate of drugs and other 
xenobiotics. An in vivo intestinal perfusion model was used to investigate 
how experimental hyperglycemia affects intestinal elimination and biliary 
excretion of ibuprofen enantiomers in the rat. Experimental diabetes was 
induced by intravenous (i.v.) administration of streptozotocin. The 
intestinal perfusion medium contained 250 µM (±)-ibuprofen. A validated 
isocratic chiral HPLC method with UV detection was developed to 
determine the amount of the two enantiomers in the intestinal perfusate 
and the bile. The results indicated that experimental diabetes doesn’t 
cause a statistically significant decrease in the disappearance of 
ibuprofen enantiomers from the small intestine. Analysis of the bile 
samples detected only the (S)-IBP enantiomer. Excretion of the 
ibuprofen enantiomer to the bile decreased in experimental diabetes. The 
observed changes impact the pharmacokinetics of drugs administered in 
hyperglycemic individuals.
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51 Abstract

52

53 Diabetic complications are mostly due to hyperglycemia. Hyperglycemia is reported to 
54 be associated with oxidative stress. It can result in changes in the activities of drug-
55 metabolizing enzymes and membrane-integrated transporters, which can modify the 
56 fate of drugs and other xenobiotics. An in vivo intestinal perfusion model was used to 
57 investigate how experimental hyperglycemia affects intestinal elimination and biliary 
58 excretion of ibuprofen enantiomers in the rat. Experimental diabetes was induced by 
59 intravenous (i.v.) administration of streptozotocin. The intestinal perfusion medium 
60 contained 250 µM (±)-ibuprofen. A validated isocratic chiral HPLC method with UV 
61 detection was developed to determine the amount of the two enantiomers in the 
62 intestinal perfusate and the bile. The results indicated that experimental diabetes 
63 doesn’t cause a statistically significant decrease in the disappearance of ibuprofen 
64 enantiomers from the small intestine. Analysis of the bile samples detected only the 
65 (S)-IBP enantiomer. Excretion of the ibuprofen enantiomer to the bile decreased in 
66 experimental diabetes. The observed changes impact the pharmacokinetics of drugs 
67 administered in hyperglycemic individuals.

68
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72 Abbreviations

73 STZ Streptozotocin

74 HPLC High performance liquid chromatography

75 UV Ultraviolet

76 NSAID Non-steroidal anti-inflammatory drug

77 IBP Ibuprofen

78 NAP Naproxen sodium salt

79 IS Internal standard

80 MeOH Methanol

81 SD Standard Deviation

82 RSD Relative Standard Deviation

83 MDR1/P-gp Multidrug resistance protein 1/P-glycoprotein

84 OAT Organic anion transporters

85 OATP Organic anion transporting polypeptide

86 MRP2 Multidrug resistance-associated protein 2

87 BCRP Breast cancer resistance protein

88 PDA Photodiode array
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90 1. Introduction

91 Ibuprofen (IBP) (1) is a non-steroidal anti-inflammatory drug (NSAID) belonging 
92 to the group of 2-arylpropionic acids (Figure 1) [1]. The molecule carrying a center of 
93 symmetry is used in therapy in racemic form, exploiting its three main pharmacological 
94 effects (anti-inflammatory, analgesic, and antipyretic). It is most commonly used in 
95 therapy by oral administration. After oral absorption, about 40–60% of the R(-)-form of 
96 ibuprofen is metabolically converted to the S(-) form [2,3] in the intestinal tract and liver 
97 [4,5]. Over 70% of the ibuprofen dose is metabolized and excreted in the urine. The 
98 major route of metabolism is CYP-catalyzed oxidative transformations resulting in the 
99 formation of hydroxyl-substituted ibuprofen metabolites. Ibuprofen and its oxidized 

100 metabolites were reported to form glucuronide conjugates excreted in the feces or the 
101 urine [6,7].

102
103 Figure 1. Structure of ibuprofen (1) and ibuprofen β-D-glucuronide (2).
104
105 Earlier, we investigated the elimination of racemic ibuprofen from the small 
106 intestine in hyperglycemic rats by HPLC-UV. In parallel, by cannulation of the bile duct, 
107 we investigated the excretion of the parent compound and its glucuronide conjugate 
108 into the bile. Unconjugated ibuprofen (1) and ibuprofen-β-D-glucuronide (2) were 
109 detected in the bile; however, no ibuprofen-glucuronide could be detected in the 
110 intestinal perfusate. Excretion of both ibuprofen and ibuprofen-β-D-glucuronide into the 
111 bile was decreased in experimental diabetes [8].
112 Continuing the above investigations, we report on HPLV-UV analysis of 
113 ibuprofen enantiomers in the intestinal perfusate and bile of the hyperglycemic rats. 
114 The work aimed to get data if experimental hyperglycemia can modify the enantiomeric 
115 composítion of the racemic ibuprofen in the small intestinal perfusate and the bile in 
116 our previously applied ex vivo model.
117
118 2. Materials and Methods
119 2.1. Chemicals
120 Racemic ibuprofen (IBP), (S)-(+)-ibuprofen, salicylic acid, streptozotocin (STZ), 
121 and naproxen sodium (NAP) were purchased from Sigma-Aldrich (Budapest, 
122 Hungary). All chemicals and reagents were analytical or HPLC grade. The standard 
123 isotonic perfusion medium had the following compositions (mM): NaCl 96.4, KCl 7.0, 
124 CaCl2 3.0, MgSO4 1.0, sodium phosphate buffer (pH 7.4) 0.9, Tris buffer (pH 7.4) 29.5, 
125 glucose 14.0, mannitol 14.0. Blood glucose level was checked with an AccuChek blood 
126 glucose meter (Roche).
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127 2.2. Animals 
128 Male Wistar rats (9–11 weeks old, weighing 250–300 g) were separated into 
129 two groups. Group I was the control, and Group II was diabetic animals (n=4 each). 
130 Experimental diabetes was induced by a 65 mg/kg bw intravenous injection of 
131 streptozotocin (STZ) one week before the intestinal perfusion. Blood glucose levels 
132 were tested before the STZ treatment and starting the experiments. The average blood 
133 glucose level of the control animals was 6.7 ± 1.5 mM, while that of the STZ-treated 
134 rats was 23.4 ± 2.8 mM.
135 2.3. Intestinal perfusion procedure
136 The experiments were performed according to the protocol before [8-10]. The 
137 animals fasted for 18–20 h before the experiments; and then were anesthetized with 
138 an intraperitoneal injection of urethane (1.2 g/kg bw, i.p.). The abdomen was opened 
139 by a midline incision. A jejunal loop (length of the jejunal loop about 10 cm) was "in 
140 vivo" isolated and cannulated at its proximal and distal ends. Body temperature was 
141 maintained at 37 °C using a heat lamp.
142 Perfusion through the lumen of the jejunal loop with an isotonic medium 
143 containing 250 µM racemic ibuprofen was carried out at a rate of 13 ml/min in a 
144 recirculation mode. Perfusate samples (250 μl) were collected at selected timepoints 
145 from the perfusion medium from the intestinal loop for 150 minutes. The initial volume 
146 of the perfusate was 15 ml, and its temperature was maintained at 37 °C.
147 For parallel investigation of the biliary excretion, the bile duct was cannulated 
148 with PE-10 tubing. The bile outflow was collected in 15 minute-periods into tared 
149 Eppendorf tubes placed in ice. The collected samples were stored in a deep freezer 
150 until analysis. Bile flow was measured gravimetrically, assuming a specific gravity of 
151 1.0 [11].
152 2.4. Sample preparation
153 Perfusate and bile samples were kept at room temperature for a short time to 
154 become defrost. The extraction technique applies the validated method published by 
155 Bonato et al. [12]. The sample volume (50 µl) was placed in an Eppendorf tube, and 
156 then 10 µl of NAP solution (250 µM) was added as an internal standard (IS). The 
157 mixture was acidified by 40 µl of hydrochloric acid (2 M) and extracted with 1.5 ml (3-
158 times 0.5 ml) of a mixture of n-hexane and ethyl acetate (8:2 v/v). The mixture was 
159 vortexed for 30 seconds, centrifuged for 5 minutes at 3500 rpm, and the transparent 
160 upper layer separated. The combined organic extracts were evaporated under nitrogen 
161 at 40 ⁰C. The residue was reconstituted in 50 µl of the mobile phase.
162 2.5. Instrumentation and chromatographic conditions
163 HPLC-UV analysis of the perfusate and bile samples extracts was performed 
164 on an integrated Jasco HPLC (LC-4000) system equipped with a PDA detector, a 
165 quaternary HPLC pump, a degasser, an autosampler, a thermostated column 
166 compartment, and a PDA detector. Data were recorded and evaluated by ChromNAV 
167 Data System (Ver.2). Ibuprofen enantiomers were separated on a Kromasil 3-
168 amylCoat RP (4.6 mm x 150 mm, 3 µm) chiral column with a Teknokroma (ODS 
169 cartridge, 1 cm x 0.32 cm) guard column. The mobile phase consisted of 
170 methanol/water/acetic acid (70:30:0.1 v/v). The run time was 30 minutes with a 0.5 
171 ml/min flow rate and 10 µl injection volume. The temperature and the UV detector were 
172 set at 22 °C and 220 nm, respectively. The analytical method is based on the Kromasil 
173 application note [13]. Identification of the separated peaks was made by determination 
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174 of the retention time of (S)-(+)-ibuprofen and NAP salt as an internal standard (Figure 
175 1S).
176 2.6. Validation data of HPLC analyses
177 2.6.1. Specificity
178 Results were evaluated based on the chromatograms of extracts of blank 
179 perfusate and blank bile samples. The examined extracts didn’t give a detectable 
180 chromatographic peak at the retention time of ((R)-IBP (1) tR=14.5 min, (S)-IBP (2) 
181 tR=16.72 min, and NAP (3) tR=20.3 min) of the perfused medium; and at the retention 
182 time of ((R)-IBP (1) tR=14.4 min, (S)-IBP (2) tR=16.61 min and NAP (3) tR=20.18 min) 
183 of the bile (Figure 2).
184 2.6.2. System suitability
185 System suitability data were evaluated from chromatograms of the standard 
186 solutions of racemic IBP (100 M, 250 M) and NAP (50 M) in methanol. Results 
187 were obtained from five parallel injections. The evaluation was based on the relative 
188 standard deviation (RSD%). The percent RSD values are shown in Table 1S.
189 2.6.3. Precision
190 Precision was studied by investigating repeatability and intermediate precision. 
191 Repeatability was determined by measuring intra-day data of 3 parallel injections of 2 
192 parallel dilutions of 2 independent weighings of racemic IBP (c = 100 M, c = 250 M 
193 in MeOH) and NAP (c = 50 M, in MeOH). Intermediate precision was determined by 
194 measuring inter-day (by injection of the samples over three consecutive days) data of 
195 3 parallel injections of 2 dilutions of racemic IBP (c = 100 M, c = 250 M in MeOH), 
196 and NAP (c = 250 M, in MeOH). The evaluation was based on the relative standard 
197 deviation (RSD%) (Tables 2S and 3S).
198 2.6.3. Accuracy
199 Accuracy was calculated by spiking control perfusion and bile samples with the 
200 concentrations of racemic IBP (50 M, 100 M, 250 M) and NAP (50 µM). After the 
201 extraction of the samples, the percentage of recoveries was calculated with the mean 
202 of the same concentrations of standard dilutions of racemic IBP (50 μM, 100 μM, 250 
203 μM) and NAP(50 μM). The evaluation was based on the relative standard deviation 
204 (RSD%) (Tables 4S).
205 2.6.4. Linearity
206 Linearity was studied by analysis of standard solutions of racemic IBP of five 
207 different concentrations (250 μM, 200 μM, 150 μM, 100 μM, 50 μM) using methanol as 
208 solvent. Each solution had a known concentration of NAP as an internal standard (50 
209 M). Data were obtained from three parallel injections of each concentration. 
210 Calibration curves were generated by plotting the theoretical concentrations against 
211 the relative peak areas (ratio of the peak areas of the enantiomers and the internal 
212 standard). Linearity was determined by least-squares regression. The regression 
213 equation for (R)- and (S)-IBP was as follows: (R)-IBP: y = 0.3360x + 0.2408, R² = 
214 0.9993; (S)-IBP: y = 0.1676x + 0.2110, R² = 0.9994) as shown in Figure 2S.
215 2.6.4. Determination of LOQ
216 The limit of quantitation (LOQ) was considered the lowest concentration (50 M) 
217 of the calibration curve contracted by using racemic ibuprofen. Taking into 
218 consideration the exact concentration of the two enantiomers in the investigated 
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219 sample ((R)-IBP: 49.81%; (S)-IBP: 50.019% - See Table 1S), the LOQ of the (R)-IBP 
220 and (S)-IBP are 24.91 M and 25.09 M, respectively.
221 2.7. Calculations and statistics
222 The luminal disappearance of the IBP enantiomers was calculated based on 
223 their luminal concentrations and the volume of the perfusion solution. The biliary 
224 excretion was calculated on the base of the volume of bile flow in 15 minutes periods. 
225 Data show the mean ± SD of four independent experiments. The difference among 
226 groups was determined by SPSS One-way Anova. Significant differences from the 
227 control value: * p<0.05, ** p < 0.01, and ∗∗∗ p < 0.001.
228 2.8. Ethical approval
229 The study was designed and conducted according to the European legislation 
230 (Directive 2010/63/E.U.) [14] and the Hungarian Government regulation (40/2013., II. 
231 14.) [15] on the protection of animals used for scientific purposes. The project was 
232 approved by the Animal Welfare Committee of the University of Pécs and by the 
233 Government Office of Baranya County (license No. BAI35/51-61/2016 and license 
234 supplement (supplement No. BAI35/90-5/2019).
235
236 3. Results
237 Figure 2A shows the HPLC-UV chromatogram of the two ibuprofen enantiomers 
238 and naproxen (used as internal standard) extracted from the control perfusion medium 
239 and the control bile. The blank control (buffer perfused through isolated small intestine 
240 of not treated rat) doesn't have any interfering peak (Figure 2B). The blank control bile 
241 (biliary excretion collected from the bile duct) doesn't have any interfering peak (Figure 
242 2D).
243

244

A
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245
246

247

248
249
250 Figure 2. (A) HPLC-UV chromatogram of the two IBP enantiomers ((R)-IBP (1) tR=14.5 
251 min, (S)-IBP (2) tR=16.72 min and NAP (3) tR=20.3 min), extracted from the spiked 
252 control perfusion medium of non-treated animal, (B) the blank control perfused 
253 medium, (C) the two IBP enantiomers ((R)-IBP (1) tR=14.4 min, (S)-IBP (2) tR=16.61 
254 min and NAP (3) tR=20.18 min), extracted from the spiked control bile of non-treated 
255 animal; (D) the blank control bile.
256
257 HPLC chromatograms of the intestinal perfusates of the control and the STZ-
258 treated (hyperglycemic) rats at the 0, 29, and 90-minute timepoints are shown in 
259 Figures 3S and 4S, respectively. Changes in concentrations of the IBP enantiomers in 
260 the perfusions of the control and hyperglycemic rats are shown in Figure 3. The relative 
261 amount of the (S)-IBP enantiomer in the control animals was slightly higher from the 

B

C

D
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262 22- to the 45-minute timepoints of the experiments; however, the difference cannot be 
263 assessed statistically (Figure 3A). Such a change couldn't be observed in the samples 
264 of the hyperglycemic rats (Figure 3B).
265
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268
269 Figure 3. The concentrations of the IBP enantiomers in the extracts of the intestinal 
270 perfusates of the control (3A) and hyperglycemic (3B) rats (n=4).
271
272 In the bile samples collected during the intestinal perfusion of racemic IBP, only 
273 the (S)-IBP enantiomer could be detected. HPLC chromatograms of bile samples of 
274 control and hyperglycemic rats at the 30, 60, and 120-minute timepoints are shown in 
275 Figures 5S and 6S, respectively. In the chromatograms, two unknown peaks also 
276 appeared. Based on their relative retention times (compared to the IS), none of them 
277 could be identified by the available standards (IBP, 1-, 2-, 3-OH-IBP, and IBP-GLU). 
278 The concentrations of the (S)-IBP enantiomer measured in the bile samples of control 
279 and hyperglycemic rats are shown in Figure 4. The biliary excretion (S)-IBP was 
280 statistically lower in the hyperglycemic (STZ-treated) animals.
281
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284 Figure 4. The concentration of (S)-IBP in the extracts of the bile samples of control 
285 and hyperglycemic animals (n=4). Significant differences from the control value: ∗ p < 
286 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001.
287
288 The cumulative excretion of (S)-IBP in the extracts of the bile samples of control 
289 and hyperglycemic rats is shown in Figure 5. The cumulative excretion of the IBP 
290 enantiomer was statistically lower in the hyperglycemic rats.
291
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294 Figure 5. The cumulative excretion of (S)-IBP enantiomer in the extracts of the bile 
295 samples of control and hyperglycemic rats (n=4) Significant differences from the 
296 control value: ∗ p < 0.01.
297
298
299 4. Results and discussion
300 As shown in Figures 3A and 3B, the concentration of the two IBP enantiomers 
301 was continuously decreased in the intestinal perfusion medium over the experiments. 

Page 11 of 31

http://mc.manuscriptcentral.com/bdd

Biopharmaceutics & Drug Disposition

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

12

302 (In the samples collected between the 105-150 min timepoints, IBP peaks could not 
303 be quantified. Legen et al. demonstrated that the inwardly directed proton gradient 
304 could be a driving force for transporting monocarboxylic acid-type drugs (among them 
305 IBP) across the intestinal epithelia [16]. The passive diffusion of the compound can 
306 explain the gradual decrease of concentration of the ibuprofen enantiomers in the 
307 perfusate.
308 Cumulative disappearance (absorption, metabolism, and excretion) of both 
309 enantiomers of IBU was lower in the hyperglycemic rats (Figures 3A and 3B). The ratio 
310 of the enantiomers showed a moderate increase in the control rats; however, the 
311 change was statistically insignificant (Figures 4A and 4B). Several reports have 
312 demonstrated that diabetes may decrease P-gp (MDR1) efflux transporter function and 
313 expression in the brain and intestine [17-20]. In addition, curcumin and ibuprofen were 
314 reported to inhibit the P-gp activity of human sarcoma MES-SA/Dx-5 cells well below 
315 their therapeutic plasma concentrations [21]. P-gp effluxes drug substrates from 
316 enterocytes into the GI lumen, thus regulating the intestinal absorption of drugs. 
317 Accordingly, the observed alteration can be explained by the reduced activity of P-gp 
318 due to the experimental hyperglycemia and the accumulating ibuprofen in the 
319 endothelial cells. The progressively increasing cellular IBP level attenuates the 
320 concentration gradient, considered the most important factor in the entrance of 
321 ibuprofen [1].
322 In the bile samples, only the (S)-ibuprofen enantiomer could be detected 
323 (Figures 5S and 6S). Figures 6 and 7 show that the excreted amount of (S)-IBP is 
324 statistically lower in the bile samples of the hyperglycemic rats. Uptake transporters 
325 are expressed highly on the basolateral membrane of hepatocytes [22, 23]. The 
326 organic anion transporters hOAT1-5 are predominantly expressed in renal proximal 
327 tubules; however, hOAT2 (Slc22a7) is also expressed in the liver [24-26]. In the rat, 
328 the main site of expression of Oat2 is the sinusoidal membrane domain of the 
329 hepatocytes [27]. Kimoto et al. evaluated the role of organic anion transporter 2 
330 (OAT2)-mediated hepatic uptake in the clearance of 25 ECCS 1A drugs. The authors 
331 provided evidence for the role of OAT2-mediated hepatic uptake of most of the 
332 investigated ECCS 1A drugs, including IBP [28]. Members of the organic anion 
333 transporting polypeptide (OATP) family are also important determinants of hepatic 
334 uptake of endogenous and exogenous compounds. Kindla et al. reported that only 
335 diclofenac was significantly transported by OATP1B3, whereas all other NSAIDs 
336 investigated (including IBP) were not substrates for these uptake transporters [29]. 
337 Accordingly, ibuprofen is supposed to enter the hepatocytes by passive diffusion and 
338 OATP2-mediated uptake [1, 28, 30].
339 Schneider et al. investigated the biliary elimination of ibuprofen, indomethacin, 
340 and diclofenac in patients suffering from obstructions of the common bile duct. 
341 Whereas a very low amount (0.15%) of ibuprofen was excreted in bile as unchanged 
342 drug and active conjugates, biliary elimination of diclofenac was somewhat higher 
343 (1.09%), and that of indomethacin was substantial (above 10%) [31]. Like the small 
344 intestine, the P-gp efflux transporter (Mdr1) is also expressed in the apical side of the 
345 rat hepatocytes [22]. P-gp has been reported to be reduced in hyperglycemic rats [18, 
346 32, 33]. Using the present experimental protocol, we found a relatively low amount of 
347 (non-enantiomer-separated) IBP and IBP-glucuronide in the bile, which was depressed 
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348 under hyperglycemic conditions. Our molecular biology studies on liver samples of the 
349 STZ-treated rats showed decreased expression of the efflux transporters P-gp 
350 (Mdr1B), Mrp2, and Bcrp [8]. These transporters are involved in exporting organic 
351 anions from the hepatocytes into the bile canaliculus [34]. 
352 Biliary excretion of the parent compounds and their metabolites is crucial for the 
353 so-called enterohepatic circulation of the drugs and other xenobiotics [35]. Drugs in 
354 bile are usually more concentrated than in plasma, and passive transport is considered 
355 negligible. Accordingly, biliary excretion represents an active process involving 
356 transporters embedded in the apical membrane of hepatocytes. Furthermore, the liver 
357 was the most important organ in the unidirectional conversion of (R)-arylpropionic acid 
358 drugs to their (S) enantiomer. Whether the asymmetric appearance of the IBP 
359 enantiomers is the consequence of the OAT2-mediated enantioselective hepatic 
360 uptake or the enantioselective excretion of the hepatic efflux transporters P-gp 
361 (Mdr1B), Mrp2, and Bcrp (or both) needs further molecular biology studies.
362
363 5. Conclusions
364 This study provided experimental data on intestinal elimination and hepatic 
365 excretion of the IBP enantiomers in control and hyperglycemic experimental animals. 
366 The results demonstrated that the elimination of IBP from the small intestine is not 
367 enantioselective. Analysis of the bile showed the presence of only the 
368 pharmacologically more active (S)-IBP enantiomer. Since the pharmacological activity 
369 of (S)-IBP is one order of magnitude higher than that of the (R)-IBP [36], the 
370 asymmetric appearance of the enantiomers in the bile could determine the 
371 pharmacokinetics and pharmacodynamic action of the drug.

372 6. Supplementary Materials

373 Figure captions

374 Figure 1S. (A) HPLC-UV chromatogram of the (S)-IBP (tR=16.85 min) in methanol, 
375 (B) the naproxen (tR=20.44 min) in methanol, (C) the racemic IBP ((R)-ibuprofen (1) 
376 tR=14.59 min, (S)-ibuprofen (2) tR= 16.86 min) and naproxen (3) (tR= 20.43 min) 
377 dissolved in the mobile phase.

378 Figure 2S. The HPLC-UV calibration curves of R-IBP (A) and S-IBP (B) with the 
379 linear regression trend lines, constructed by five different concentrations (250 μM, 
380 200 μM, 150 μM, 100 μM, 50 μM) of standard racemic IBP.

381 Figure 3S. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM 
382 racemic IBP spiked with 250 μM NAP (IS) at (A) 0-minute: (R)-IBP (1) (tR=14.52 min), 
383 (S)-IBP (2) (tR=16.75 min), NAP (3) (tR=20.35 min); (B) 29-minute: (R)-IBP (1) 
384 (tR=14.53 min), (S)-IBP (2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90-minute: 
385 (R)-IBP (1) (tR=14.54 min), (S)-IBP (2) (tR=16.78 min), NAP (3) (tR= 20.35 min) of 
386 control rats.

387 Figure 4S. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM 
388 racemic IBP spiked with 250 μM NAP (IS) at (A) 0-minute: (R)-IBP (1) (tR=14.52 min), 
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389 (S)-IBP (2) (tR=16.75 min), NAP (3) (tR= 20.35 min); (B) 29-minute: (R)-ibuprofen (1) 
390 (tR=14.53 min), (S)-IBP (2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90-minute: 
391 (R)-IBP (1) (tR=14.51 min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min) of 
392 hyperglycemic rats.

393 Figure 5S. (A) HPLC-UV chromatogram of 250 M of racemic IBP ((R)- (1) tR=14.45 
394 min, (S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-
395 UV chromatograms of bile extract at (B1) 30-minute: unknown peak (1) (tR=7.68 min), 
396 unknown peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.75 min), NAP (4) (tR=20.33 min); 
397 (B2) 60-minute: unknown peak (1) (tR= 7.68 min), unknown peak (2) (tR=15.72 min), 
398 (S)-IBP (3) (t.= 16.76 min), NAP (4) (tR=23.35 min); and (B3) 120-minute: unknown 
399 peak (1) (tR=7.69 min), unknown peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.76 min), 
400 NAP (4) (tR=20.36 min) of control rats.

401 Figure 6S. (A) HPLC-UV chromatogram of 250 mM of racemic IBP ((R)- (1) tR=14.45 
402 min, (S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-
403 UV chromatograms of excreted bile extract at (B1) 30-minute: unknown peak (1) 
404 (tR=7.68 min), (S)-IBP (2) (tR=16.72 min), NAP (3) (tR=20.3 min); (B2) 60-minute: 
405 unknown peak (1) (tR=7.66 min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min); 
406 and (B3) 120-minute: unknown peak (1) (tR=7.66 min), (S)-IBP (2) (tR=16.75 min), NAP 
407 (3) (tR=20.32 min) of hyperglycemic rats.

408

409 Table captions

410 Table 1S. Data for system suitability of methanol solutions of racemic ibuprofen (rac-
411 IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM).

412 Table 2S. Data for system repeatability methanol solution of racemic ibuprofen (rac-
413 IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM).

414 Table 3S. Data for system intermediate precision of methanol solution of racemic 
415 ibuprofen (rac-IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard 
416 (IS) (50 μM).

417 Table 4S. Accuracy of NAP, (R)- and (S)-IBP determination in spiked control 
418 perfusates and spiked control bile with the same range of standard dilutions of racemic 
419 IBP (50 μM, 100 μM, 250 μM) and NAP(50 μM).

420
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538 Figure captions
539
540
541 Figure 1. Structure of ibuprofen (1) and ibuprofen β-D-glucuronide (2).
542
543 Figure 2. (A) HPLC-UV chromatogram of the two IBP enantiomers ((R)-IBP (1) tR=14.5 
544 min, (S)-IBP (2) tR=16.72 min and NAP (3) tR=20.3 min), extracted from the spiked 
545 control perfusion medium of non-treated animal, (B) the blank control perfused 
546 medium, (C) the two IBP enantiomers ((R)-IBP (1) tR=14.4 min, (S)-IBP (2) tR=16.61 
547 min and NAP (3) tR=20.18 min), extracted from the spiked control bile of non-treated 
548 animal; (D) the blank control bile.
549
550 Figure 3. The concentrations of the IBP enantiomers in the extracts of the intestinal 
551 perfusates of the control (3A) and hyperglycemic (3B) rats (n=4).
552
553 Figure 4. The concentration of (S)-IBP in the extracts of the bile samples of control 
554 and hyperglycemic animals (n=4). Significant differences from the control value: ∗ p < 
555 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001.
556
557 Figure 5. The cumulative excretion of (S)-IBP enantiomer in the extracts of the bile 
558 samples of control and hyperglycemic rats (n=4) Significant differences from the 
559 control value: ∗ p < 0.01.
560
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25 Figure 1S. (A) HPLC-UV chromatogram of the (S)-IBP (tR=16.85 min) in methanol, (B) 
26 the naproxen (tR=20.44 min) in methanol, (C) the racemic IBP ((R)-ibuprofen (1) 
27 tR=14.59 min, (S)-ibuprofen (2) tR= 16.86 min) and naproxen (3) (tR= 20.43 min) 
28 dissolved in the mobile phase.
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34 Figure 2S. The HPLC-UV calibration curves of R-IBP (A) and S-IBP (B) with the linear 
35 regression trend lines, constructed by five different concentrations (250 μM, 200 μM, 
36 150 μM, 100 μM, 50 μM) of standard racemic IBP.

37  

0 25 50 75 100 125 150
0

5

10

15

20

25

30

35

40

45

R-IBP

Concentration (μM)

Pe
ak

 a
re

a/
IS

 (%
)

38  

0 25 50 75 100 125 150
0

5

10

15

20

25

30

35

40

45

S-IBP

Concentration (μM)

Pe
ak

 a
re

a/
IS

 (%
)

39

Page 21 of 31

http://mc.manuscriptcentral.com/bdd

Biopharmaceutics & Drug Disposition

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

4

40 Figure 3S. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM 
41 racemic IBP spiked with 250 μM NAP (IS) at (A) 0-minute: (R)-IBP (1) (tR=14.52 min), 
42 (S)-IBP (2) (tR=16.75 min), NAP (3) (tR=20.35 min); (B) 29-minute: (R)-IBP (1) 
43 (tR=14.53 min), (S)-IBP (2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90-minute: 
44 (R)-IBP (1) (tR=14.54 min), (S)-IBP (2) (tR=16.78 min), NAP (3) (tR= 20.35 min) of 
45 control rats.
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5

51 Figure 4S. HPLC-UV chromatograms of extracts of intestinal perfusate of 250 μM 
52 racemic IBP spiked with 250 μM NAP (IS) at (A) 0-minute: (R)-IBP (1) (tR=14.52 min), 
53 (S)-IBP (2) (tR=16.75 min), NAP (3) (tR= 20.35 min); (B) 29-minute: (R)-ibuprofen (1) 
54 (tR=14.53 min), (S)-IBP (2) (tR=16.76 min), NAP (3) (tR=20.35 min); and (C) 90-minute: 
55 (R)-IBP (1) (tR=14.51 min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min) of 
56 hyperglycemic rats.
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6

62 Figure 5S. (A) HPLC-UV chromatogram of 250 M of racemic IBP ((R)- (1) tR=14.45 
63 min, (S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-
64 UV chromatograms of bile extract at (B1) 30-minute: unknown peak (1) (tR=7.68 min), 
65 unknown peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.75 min), NAP (4) (tR=20.33 min); 
66 (B2) 60-minute: unknown peak (1) (tR= 7.68 min), unknown peak (2) (tR=15.72 min), 
67 (S)-IBP (3) (t.= 16.76 min), NAP (4) (tR=23.35 min); and (B3) 120-minute: unknown 
68 peak (1) (tR=7.69 min), unknown peak (2) (tR=15.72 min), (S)-IBP (3) (tR=16.76 min), 
69 NAP (4) (tR=20.36 min) of control rats.
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8

79 Figure 6S. (A) HPLC-UV chromatogram of 250 mM of racemic IBP ((R)- (1) tR=14.45 
80 min, (S)-IBP (2) tR=16.69 min) and NAP (3) (tR=20.26 min) in the mobile phase; HPLC-
81 UV chromatograms of excreted bile extract at (B1) 30-minute: unknown peak (1) 
82 (tR=7.68 min), (S)-IBP (2) (tR=16.72 min), NAP (3) (tR=20.3 min); (B2) 60-minute: 
83 unknown peak (1) (tR=7.66 min), (S)-IBP (2) (tR=16.73 min), NAP (3) (tR=20.31 min); 
84 and (B3) 120-minute: unknown peak (1) (tR=7.66 min), (S)-IBP (2) (tR=16.75 min), NAP 
85 (3) (tR=20.32 min) of hyperglycemic rats.
86
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95 Table 1S. Data for system suitability of methanol solutions of racemic ibuprofen (rac-
96 IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 μM).

NAP rac-IBP
Injections 

(Standard Solutions)

C 
(μM) tR (min) Area C (μM) tR (min) R-Area tR (min) S-Area

1 50 20.24 68666 100 14.48 12019 16.74 12119
2 50 20.22 68779 100 14.47 12081 16.72 12125
3 50 20.29 68783 100 14.50 12034 16.75 12156
4 50 20.30 68542 100 14.52 12034 16.79 12215
5 50 20.31 68632 100 14.53 12065 16.79 12247

Mean 20.27 68680 14.50 12047 16.76 12172
RSD% 0.17 0.13 0.16 0.19 0.17 0.41

Compounds tR RRT k’ T NTP RS

NAP 20.27 N/A 19.27 1.23 1567 N/A
R-IBP 14.50 1.40 13.50 1.24 2057 1.63
S-IBP 16.76 1.21 15.76 1.16 2009 1.99

1 50 20.24 68740 250 14.47 32102 16.72 32200
2 50 20.24 68575 250 14.46 32121 16.70 32481
3 50 20.24 68552 250 14.46 32107 16.70 32272
4 50 20.24 68667 250 14.47 32096 16.71 32224
5 50 20.25 68244 250 14.48 31873 16.72 31979

Mean 20.24 68556 14.47 32060 16.71 32231
RSD% 0.03 0.25 0.03 0.29 0.04 0.50

Compounds tR RRT k’ T NTP RS

NAP 20.24 N/A 19.24 1.26 1522 N/A
R-IBP 14.47 1.40 13.47 1.24 2057 1.63
S-IBP 16.71 1.21 15.71 1.17 2026 1.99

97 tR: retention time, RRT: relative retention time (RRT= tR(NAP)/tR (rac-IBP)), k’: capacity factor, T: asymmetry 
98 fsctor, NTP: number of theoretical plates, Rs: resolution.
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99 Table 2S. Data for system repeatability methanol solution of racemic ibuprofen (rac-
100 IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal standard (IS) (50 
101 μM).

NAP rac-IBPWeighting/Dilution Standard 
Solution C (μM) Area C (μM) R-Area S-Area

1/1 50 68358 250 31427 31471
1/2 50 68736 250 31612 31845
1/3 50 68381 250 31454 32084
2/1 50 68014 250 31765 32110
2/2 50 68568 250 31974 32247
2/3 50 68424 250 32123 32316

Mean 68414 31726 32012
RSD% 0.32 0.81 0.89

1/1 50 68901 100 12396 12362
1/2 50 68867 100 12124 12198
1/3 50 68882 100 12299 12442
2/1 50 68947 100 12284 12450
2/2 50 68993 100 12172 12268
2/3 50 68848 100 12288 12361

Mean 68906 12261 12347
RSD% 0.07 0.73 0.73

102

103
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104 Table 3S. Data for system intermediate precision of methanol solution of racemic 
105 ibuprofen (rac-IBP) (100 μM, 250 μM) and naproxen sodium (NAP) as internal 
106 standard (IS) (50 μM).

NAP rac-IBPDay Dilution 
Standard 
Solution C (μM) Area C (μM) R-Area S-Area

1 1 50 68358 250 31427 31471
2 50 68736 250 31612 31845
3 50 68381 250 31454 32084

2 1 50 68313 250 31617 31781
2 50 68687 250 31440 31686
3 50 68747 250 31325 31546

3 1 50 68884 250 32130 32366
2 50 68262 250 32055 32349
3 50 68461 250 32052 32308

Mean 68537 31679 31937
RSD% 0.31 0.93 1.03

1 1 50 68901 100 12396 12362
2 50 68867 100 12124 12198
3 50 68882 100 12299 12442

2 1 50 68935 100 12355 12492
2 50 68227 100 12065 12129
3 50 68568 100 12207 12291

3 1 50 68905 100 12148 12246
2 50 68859 100 12178 12315
3 50 68714 100 12058 12375

Mean 68762 12203 12317
RSD% 0.32 0.94 0.88

107
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108 Table 4S. Accuracy of NAP, R- and S-IBP determination in spiked control perfusates 
109 and spiked control bile with the same range of standard dilutions of racemic IBP (50 
110 μM, 100 μM, 250 μM) and NAP(50 μM).

NAP rac-IBP
C spiked perfusate 

(μM) Area Recovery %
C spiked perfusate 

(μM) R-Area Recovery % S-Area Recovery %
50 67646 98.1 50 5299 86.5 5241 85.0
50 67599 98.0 50 5335 87.1 5299 85.9
50 67569 98.0 50 5320 86.8 5227 84.7
50 68004 98.4 100 11355 92.8 11248 90.9
50 67423 97.6 100 11151 91.1 11088 89.6
50 67536 97.7 100 11097 90.7 11006 88.9
50 56635 81.6 250 26897 85.7 26898 85.3
50 56225 81.1 250 26855 85.5 26741 84.8
50 55432 79.9 250 26361 83.9 26326 83.5

Mean 92.3 87.8 86.5
RSD% 8.76 3.23 2.81

C spiked bile 
(μM) Area Recovery %

C spiked bile 
(μM) R-Area Recovery % S-Area Recovery %

50 61456 89.1 50 5168 84.3 5164 83.7
50 61475 89.2 50 5127 83.7 5169 83.8
50 61466 89.2 50 5147 84.0 5166 83.8
50 60576 87.7 100 10930 89.3 11049 89.3
50 60411 87.4 100 10916 89.2 11003 88.9
50 60494 87.5 100 10923 89.3 11026 89.1
50 60968 87.9 250 28149 89.6 29544 93.7
50 61118 88.1 250 27995 89.2 28732 91.1
50 61043 88.0 250 28072 89.4 29138 92.4

Mean 88.2 87.6 88.4
RSD% 0.77 2.88 4.09
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112
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Abstract 21 

Background: Hyperglycemia can induce oxidative stress through several mechanisms. 22 

Carbohydrates, lipids, proteins, and DNA are the cellular targets of oxidative stress 23 

modification. Reactive oxygen species can also generate oxidized drug metabolites, which are 24 

not formed in enzyme-catalyzed reactions. The formation of such metabolites can modify the 25 

pharmacological action of the parent drug. 26 

Methods: Sixteen male Wistar rats were divided into four groups. Group I was the control, and 27 

Group II, III, and IV were STZ-treated diabetic animals (n=4 each). At the end of experiments 28 

(1, 2, and 4 weeks, respectively), oxidative stress biomarkers including malondialdehyde 29 

(MDA), alkyl hydroperoxides, protein carbonyls (prot-DNPH), total cellular thiols (RSH), and 30 

tyrosine isomers (o-Tyr + m-Tyr) were determined in the small intestine, liver, and kidney of 31 

the experimental animals. 32 

Results: The MDA, prot-DNPH, and the o-Tyr + m-Tyr levels followed a similar pattern: the 33 

highest values were recorded after two weeks of the STZ treatment. Compensation of the 34 

oxidative stress is the least effective in the kidney, where the three biomarkers continuously 35 

increased over investigations. The reactions of hydroxyl radicals with aromatic rings were less 36 

preferred than those with sensitive amino acid/protein and lipid molecules. 37 

Conclusions: The reaction of hydroxyl radicals with the aromatic ring of phenylalanine is less 38 

favored than that with sensitive amino acid/protein and lipid molecules. This observation could 39 

be one of the reasons they are only limited data on increased non-enzyme catalyzed 40 

oxidized/hydroxylated aromatic xenobiotics under hyperglycemic conditions. However, 41 

modulation of enzyme and transporter activities is well documented in the literature. 42 

 43 
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Introduction 46 

Diabetes mellitus is a complex endocrine metabolic disorder that affects a large 47 

proportion of the world's population and is on an ever-increasing trend. It is a group of 48 

metabolic diseases characterized by hyperglycemia resulting from defects in insulin secretion, 49 

insulin action, or both. Characterized by elevated blood glucose levels, diabetes mellitus is 50 

divided into multiple categories based on pathogenesis, including type 1 diabetes mellitus 51 

(T1DM), type 2 diabetes mellitus (T2DM), gestational diabetes, and other types [1-3]. 52 

Hyperglycemia can induce oxidative stress through several mechanisms such as glucose 53 

autoxidation, polyol pathway, advanced glycation end products (AGEs) formation, and 54 

activation of PKCβ1/2 kinase [4]. All these pathways, in association with hyperglycemia-55 

induced mitochondrial dysfunction (electron and proton leaks) and endoplasmic reticulum 56 

(ER) stress, reflect a hyperglycemia-induced process of overproduction of superoxide radical 57 

by the mitochondrial electron-transport chain [5]. Accumulation of reactive oxygen species 58 

(ROS) promotes cellular damage and contributes to the development and progression of 59 

diabetic complications [6, 7]. Carbohydrates, lipids, proteins, and DNA are the targets of 60 

oxidative stress modification, and the stable products of ROS-derived macromolecular damage 61 

may be used as oxidative stress markers. Oxidative stress biomarkers include malondialdehyde 62 

(MDA), 4-hydroxy-2-nonenal (HNE), isoprostanes, protein carbonyls, m-nitrotyrosine, alkyl 63 

hydroperoxides, protein oxidation products, glycation end products, carbohydrate 64 

modifications, and 8-hydroxy-2′-deoxyguanosine (8-OH-dG), an oxidized DNA products [4]. 65 

Hyperglycemia can affect the pharmacokinetics and pharmacodynamics of drugs. 66 

These changes include reduced gastric emptying time, increased albumin glycation, and altered 67 

P-gp expression and CYP activity [8-12]. Furthermore, ROS (.OH, in particular) can generate 68 

oxidized drug metabolites, which are not formed in enzyme-catalyzed reactions. These non-69 

enzymatic reactions are essential in cellular metabolism, human health, and aging.[13] The 70 
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formation of such metabolites can modify the pharmacological action of the parent drug and 71 

may also be used as oxidative stress markers [11-13]. 72 

 The streptozotocin (STZ)-diabetic rat is a frequently used experimental model of the 73 

chronic complications of human diabetes. STZ is a highly effective and selective cytotoxic 74 

agent for pancreatic B cells in intravenous administration. The binding of the drug to its site of 75 

action is completed within a short time [3]. Selection of an appropriate dosage of STZ is a 76 

critical issue. While a single high-dose injection of STZ can produce type 1 diabetes in adult 77 

rats, when injected at the neonatal stage or immediately after birth, it can lead to type 2 diabetes 78 

at the adult age [14, 15]. Due to the strain differences, the diabetogenic doses of STZ range 79 

from 45 to 70 mg/kg [16]. In our experiment, after the STZ dose of 65 mg/kg, stable diabetes 80 

with persistent hyperglycemia (over 20 mM of plasma glucose) was observed during the 4-81 

week study period. 82 

Earlier, we reported how intestinal absorption and Phase 2 metabolic transformations 83 

of 4-nitrophenol [17], salicylic acid [18], and ibuprofen [19, 20] changed in STZ-treated 84 

hyperglycemic rats. Using the same experimental protocol (treatment of experimental rats with 85 

STZ (65 mg/kg bw, i.v.) a week before the start of the experiments), we also reported changes 86 

in intestinal and hepatic activities of enzymes involved in glucuronide and sulfate metabolites 87 

[21].  88 

Continuing our studies in the fields, here we report on hyperglycemia's effect on the 89 

transformation of some oxidative stress-sensitive endogenous compounds such as cellular 90 

lipids, proteins, thiols, and the amino acid tyrosine. The investigated compounds represent four 91 

chemically different classes: alkenes, amines, thiols, and substituted aromatic compounds. The 92 

latter compound possesses a nucleophilic moiety (aromatic ring) found in our previously 93 

investigated xenobiotics [17-20]. The oxidative markers of the selected class of compounds 94 

were determined in the small intestine, liver, and kidney samples of experimental rats after 1, 95 
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2, and 4 weeks of STZ treatment. The results are compared with those obtained with the 96 

previously investigated drugs. 97 

Results 98 

Blood glucose level 99 

Diabetes was induced with a single i.v. dose of 65 mg/kg STZ [6]. Hyperglycemia was 100 

confirmed after one weak STZ treatment. The average blood glucose level of the control 101 

animals was 6.7 ± 1.5 mM, while that of the STZ-treated rats was 23.4 ± 2.8 mM. 102 

Protein content 103 

The protein content (mg/g wet tissue) of the liver, small intestine, and kidney were 104 

determined using the calibration curve (y = 0.2583x + 0.1124, r² = 0.9997) obtained by BSA. 105 

The results showed that the protein content of each organ was affected by the hyperglycemic 106 

conditions (Figure 1). The protein content of the small intestine in all groups is lowered, 107 

showing similar reduced values over the four weeks. In the kidney, the values were 108 

continuously lowered. The protein content of the liver showed the least reductions, having the 109 

two-week STZ-treated samples the lowest values. None of the changes, however, can be 110 

assessed statistically (Figure 1). 111 
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Figure 1. Comparison of the protein contents (mg protein/g wet tissue) in the control, one-113 

week-, two-week-, and four-week-STZ treated rats. 114 

 115 

Protein carbonyl (prot-DNPH) content 116 

The carbonyl content of oxidized proteins was determined after derivatization with 2,4-117 

dinitrophenylhydrazine (DNPH). Protein-DNPH content of the STZ- treated samples showed 118 

a distinct continuous increase compared to the controls in each tissue homogenate. Each two-119 

week STZ-treated organ level was significantly different from the control. The protein-DNPH 120 

level in the four-week STZ-treated liver samples decreased. In the kidney, the protein carbonyl 121 

content showed a moderate continuous increase over the four weeks (Figure 2). 122 

 123 

 124 

Figure 2. Comparison of the protein carbonyl content (μmol prot-DNPH/mg protein/g tissue) 125 

in the control, one week-, two week-, and four week-STZ treated rats. (∗ p < 0.05, ∗∗ p < 0.01, 126 

∗∗∗ p < 0.001). 127 
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 128 

Determination of diene conjugates 129 

In the liver, the conjugated diene level slightly increased in the hyperglycemic rats at 130 

each timepoint. In the small intestine, the conjugated diene level significantly increased at each 131 

timepoint. However, the relative increase, specifically in the two-week and four-week 132 

hyperglycemic samples, was much higher than in the liver. In the kidney, the diene level was 133 

significantly higher in the four-week STZ-treated samples. The one-week and two-week STZ 134 

treatment didn’t considerably affect the conjugated diene level. The four-week samples, 135 

however, showed a statistically higher value than the control (Figure 3). 136 

 137 

 138 

Figure 3. Comparison of the conjugated diene levels (E1cm
1%/mg protein/g tissue) in the 139 

control, one-week-, two-week-, and four-week-STZ treated rats. (∗∗ p < 0.01, ∗∗∗ p < 0.001). 140 
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TBARS determination 142 

MDA is frequently determined as an indicative endogenous metabolite resulting in 143 

lipids oxidation by reactive oxygen species [22]. It is a reactive carbonyl compound, readily 144 

reacting with nucleophilic sites of proteins and other cellular macromolecules. Accordingly, 145 

the MDA test results indicate the steady-state lipid-peroxide levels, which can undergo 146 

rearrangements to form MDA under the test conditions. Our results showed a continuous slight 147 

increase in the MDA (TBARS) levels in each organ. The TBARS level of the four-week STZ-148 

treated small intestine and kidney samples differed significantly from the control (Figure 4). 149 

 150 

Figure 4. Comparison of the TBARS levels (nmol TBARS /mg protein/g tissue) in control, 151 

one-week-, two-week-, and four-week-STZ treated rats. (∗ p < 0.05, ∗∗ p < 0.01). 152 
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marginally raised at each timepoint. In the small intestine, the thiol level in the STZ-treated 158 

samples increased at each timepoint compared to the control. The lowest values could be 159 

measured in the two-week STZ-treated samples (Figure 5). 160 

 161 

Figure 5. The quantities of non-protein thiols (expressed as mol GSH/mg protein/g tissue) in 162 

control, one-week-, two-week-, and four-week-STZ treated rats. 163 
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Determination of hydroxylated phenylalanine derivatives 165 
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and four-week timepoints in each investigated organ (Figure 6). 173 
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 175 

Figure 6. The relative amount of the m-Tyr+o-Tyr to Phe and p_Tyr (nmol/mmol) in control, 176 

one-week, two-week, and four-week STZ treated rats. (∗ p < 0.05, ∗∗ p < 0.01). 177 
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improved protein synthesis. Net protein catabolism occurs in T1DM patients during insulin 181 

deprivation because there is a more significant increment in protein breakdown than protein 182 

synthesis [26]. According to these previous observations, the present results showed that the 183 

protein content of the small intestine and the kidney were reduced under the hyperglycemic 184 

condition. On the contrary, no such degree of reduction in the protein content in the liver was 185 

observed (Figure 1). This latter observation can be explained by the major role of the liver in 186 

synthesizing proteins. 187 

Proteins are one of the endogenous targets of oxidative stress. Available cysteine 188 

residues can easily form disulfide derivatives with the thiol functions of other proteins or 189 

glutathione (GSH). GSH can also be oxidized to the respective disulfide (GSSG) in reaction 190 

with various endogenous and exogenous oxidizing agents. Lysine and proline residues are the 191 

most important precursors of protein carbonylation by the oxidative formation of aldehydic 192 

derivatives [27]. The most common method to analyze these latter derivatives is their reaction 193 

with 2,4-dinitrophenylhydrazine (DNPH). The resulting phenylhydrazones (prot-DNPHs) can 194 

be quantified by spectroscopic, immunological, or mass spectrometric techniques. 195 

UV-Vis determination of carbonyl content of proteins by the DNPH method indicated 196 

increased protein oxidation at each timepoint in each organ (Figure 2). The kidney seemed the 197 

least sensitive to protein oxidation at each timepoint. Such resistance of proteins can be 198 

explained by the high turnover of the antioxidant amino acids, such as lysine, proline, and 199 

cysteinyl-glycine [28]. The time dependence of the protein-content-based amount of the 200 

DNPH-reactive protein carbonyls showed some characteristic differences: 1. In the liver and 201 

the small intestine, the highest amounts could be detected at the two-weeks timepoint. The 202 

initial increase slightly dropped by the end of the fourth week. 2. In the kidney, contrary to the 203 

other two organs, the level of the oxidized protein content slightly and continuously increased. 204 

As mentioned in the Introduction, our previous metabolic studies were performed after one 205 
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week of the STZ treatment of the experimental animals [17-21]. The data indicate a substantial 206 

increase of the protein oxidation products in the liver (35.7%) and the small intestine (80.7%) 207 

at this timepoint (Figure 2). 208 

Peroxidative degradation of membrane lipids is another consequence of oxidative 209 

stress. It is initiated by (a) free radical species such as peroxyl radicals, hydroxyl radicals, and 210 

metal-oxyl radicals derived from the iron-mediated reduction of hydrogen peroxide or (b) non-211 

radical species such as singlet oxygen, ozone, and peroxynitrite generated by the reaction of 212 

superoxide with nitric oxide [29]. The most prevalent radical species that can profoundly affect 213 

lipids are mainly hydroxyl radicals (•OH). Radical initiators can abstract a hydrogen atom from 214 

the allylic position of polyunsaturated fatty acids. As a result, lipid hydroperoxides (LOOHs) - 215 

as primary oxidation products - are formed, and simultaneous rearrangement of the neighboring 216 

(non-conjugated) double bonds results in a conjugated diene moiety. Conjugated dienes have 217 

characteristic UV-absorption around 230 nm [30]. 218 

Lipid hydroperoxides, like hydrogen-peroxide, are mild oxidative agents; however, 219 

they can be reduced to the respective alcohols [29]. These primary lipid oxidation products can 220 

also undergo several decomposition pathways, resulting in - among others – an endogenous 221 

malondialdehyde (MDA) level. The endogenous MDA can be involved in enzymatic oxidation, 222 

reduction, addition, and condensation with cellular nucleophiles [31-33]. One of the most 223 

frequently used methods to measure a tissue sample's lipid-derived total carbonyl content is the 224 

thiobarbituric acid (TBA) test. However, most of the MDA measured with the TBA test is 225 

formed from the more stable fatty acid hydroperoxides under the strong acid test conditions 226 

[34]. Besides MDA, TBA also forms colored adducts with other compounds, including sugars, 227 

amino acids, and other aldehydic lipid oxidation products; this leads to the overestimation of 228 

MDA by the TBA test [34, 35]. Thus, the results of this test are appropriately reported as 229 

thiobarbituric acid-reactive substances (TBARS) rather than MDA [36]. 230 
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As Figure 3 shows - like the protein oxidation - it was the liver and the small intestine 231 

where the highest conjugated diene-level elevations in the STZ-treated animals were observed 232 

by the two-week timepoint. The small intestine proved to be the most sensitive organ showing 233 

a 55.3%, 160.5%, and 136.8% increase in the conjugated diene level at the one, two, and four-234 

week timepoints, respectively. The highest elevation in the liver and kidney samples could be 235 

obtained in the four-week samples (Figure 3). 236 

A comparison of the conjugated diene levels (Figure 3) to that of the respective TBARS 237 

levels (Figure 4) showed a relatively lower increase in the TBARS. At the first week timepoint, 238 

increased MDA levels could be observed in the liver and the kidney but not in the small 239 

intestine. The moderately increased levels can be explained by the effective elimination of the 240 

formed lipid hydroperoxides by catalase (in the liver and kidney) and selenium-dependent 241 

GSH-peroxidase (GPx2) (in the gastrointestinal system) [37], and the high reactivity of MDA 242 

with the endogenous lysine and arginine units [38]. In the later timepoints, however, the 243 

oxidative stress caused by the high glucose levels can also contribute to the formation of 244 

oxidized lipids, resulting in increased MDA levels [39]. 245 

Furthermore, it is reasonable to presume that the continuous food methionine supply 246 

(2800 mg/kg) provides enough reducing (thiol) equivalent to convert a part of the conjugated 247 

lipid-hydroperoxides to the respective alcohols [40]. These latter derivatives increase the 248 

conjugated diene level but can’t be converted to MDA. In agreement with this explanation, the 249 

intestinal non-protein thiol level increased in the highest ratios in the small intestine over the 250 

four-week experiment (Figure 5). Like the conjugated diene level, the highest TBARS level in 251 

the kidney could be observed at the four-week timepoint. 252 

Non-protein thiols (NPSH) are one of the most potent cellular antioxidants. Glutathione 253 

(GSH) is the most widespread low-molecular-weight antioxidant in the liver and kidney. The 254 

NPSH level declined after the one-week STZ treatment in the liver but not in the small intestine 255 
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and the kidney. (Figure 5). The reduction of NPSH levels in the liver can be associated with 256 

the high glutathione level and glutathione peroxidase (GPx) activity in this organ [41]. Thus, 257 

the major portion of the decline in the hepatic NPSH level is due to the GSH-dependent 258 

detoxification of the reactive oxygen species (ROS). The initial drop in the NPSH level 259 

increased by the end of the second week through a negative feedback mechanism. After this 260 

characteristic increase, however, the hepatic GSH level dropped below the control (4th week), 261 

probably due to dysregulation of GSH synthesis by the chronic hyperglycemia [42]. A similar 262 

decline was not observed either in the small intestine or the kidney. These observations can be 263 

explained by the different GSH levels and GPx activity in these two organs. The kidneys are 264 

characterized by a lower GSH concentration than the liver and the highest level of cysteine 265 

(CYS) among all body tissues [43]. The kidneys’ NPSH level depends highly on an adequate 266 

supply of glutathione (GSH) to maintain normal function [44]. Thus, the elimination of ROS 267 

can not be effectively catalyzed by the GSH/GPx pathway in this organ. 268 

In contrast to the liver, the intestine has in common extremely low GSH peroxidase 269 

activity [41]. Thus, this organ has a limited capability to utilize non-protein thiols to protect 270 

against oxidative toxicity. Furthermore, the NPSH level was higher than the control over the 271 

investigation period. This observation can be explained by the continuous food methionine 272 

supply. 273 

 Phenylalanine (Phe) is an essential amino acid, which is, among others, converted to p-274 

Tyr in an enzyme-catalyzed reaction. The nucleophilic aromatic ring can react with hydroxyl 275 

radicals in an addition reaction, and the primary adducts are stabilized as o-, m-, and p-276 

hydroxylated phenylalanines (o-Tyr, m-Tyr, and p-Tyr) [45]. Accordingly, o- and m-Tyr are 277 

specific, stable hydroxyl radical markers [46]. As shown in Figure 6, the o-Tyr+m-Tyr/p-Tyr 278 

(or the o-Tyr+m-Tyr/Phe) ratios slightly decreased at the one-week timepoint of the STZ 279 

treatment. Like the prot-DNPH (Figure 2) and the TBARS levels (Figure 4), the ratios 280 
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substantially increased in all three organs at the two-week timepoint. A similar tendency of the 281 

three parameters could be observed at the four-week timepoint: while the values were 282 

somewhat reduced in the liver and the small intestine, they further increased in the kidney. The 283 

observations give further experimental evidence of the usefulness of the three parameters to 284 

characterize the oxidative state of the investigated organs. 285 

 Diabetic patients are at all times at risk of complications. Complications may be 286 

macrovascular (coronary heart disease, peripheral vascular disease, and stroke), microvascular 287 

(neuropathy, retinopathy, and nephropathy), and both micro- and macrovascular (diabetic 288 

foot). It is believed that oxidative stress plays an important role in the development of these 289 

vascular complications [47]. Concerning oxidative stress-induced nephropathy, the present 290 

data support this theory. The oxidized protein (Figure 2), conjugated dienes (Figure 3), TBARS 291 

level (Figure 4), and the o-Tyr+m-Tyr/p-Tyr ratio (Figure 6) steadily increased. On the 292 

contrary, the renal GSH didn’t show a significant difference over time (Figure 5). Alterations 293 

in renal mitochondrial GSH status appear to be associated with chronic hyperglycemia, 294 

although the underlying mechanism for these changes has not been established [47]. Earlier, 295 

Lash et al. reported significantly higher mitochondrial GSH contents in the kidneys of diabetic 296 

rats compared with those of control rats. On the other hand, primary cultures of renal proximal 297 

tubular cells from STZ-treated diabetic rats exhibited higher levels of reactive oxygen species 298 

and were more sensitive to oxidant-induced injury than cells from control rats [48]. The authors 299 

interpreted these findings that the compensatory increases in mitochondrial GSH transport and 300 

content are insufficient to counteract the oxidative stress induced by the chronic hyperglycemic 301 

state [49, 50]. 302 

Since the liver is the main site of enzymatic drug (xenobiotic) metabolism, the observed 303 

changes in this organ need special attention. The reduced protein (Figure 1) and NPSH content 304 

(Figure 5), the increased protein oxidation (Figure 2), conjugated diene (Figure 3), and TBARS 305 
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(Figure 4) levels are in accordance with the oxidative stress developing in this organ by the end 306 

of the first week after the STZ treatment. The results are in agreement with our previous 307 

experimental findings demonstrating decreased expression of the efflux transporters Mdr1 (P-308 

gp), Mrp2, and Bcrp in the liver of the STZ-treated (hyperglycemic) animals [19].  309 

On the contrary, aromatic (Phe) hydroxylation was reduced at the one-week timepoint. 310 

It suggests that the lipids [51] and proteins [52] are more vulnerable to hydroxyl radical attack 311 

than the aromatic rings. This might be the reason (at least in part) for the lack of biliary 312 

detection of hydroxylated ibuprofen metabolites formed in non-CYP-catalyzed reactions [20]. 313 

Conclusions 314 

This study investigated the oxidative transformation of lipids, proteins, non-protein 315 

thiols (NPSH), and phenylalanine (Phe) in the liver, small intestine, and kidney in STZ-treated 316 

rats at the one-, two-, and four-week timepoints after the STZ-administration. The MDA, prot-317 

DNPH, and the o-Tyr+m-Tyr levels followed a similar pattern: the highest values were 318 

recorded after two weeks of the STZ treatment. The compensation of the oxidative stress is 319 

parallel with the change in the NPSH content of the organs. Such compensation is the least 320 

effective in the kidney, where the above three parameters continuously increase over the time 321 

of investigations. Accordingly, this organ is the most vulnerable to the hyperglycemia-induced 322 

oxidative stress. 323 

The results indicate that reactions of hydroxyl radicals (ROS) with the aromatic ring of 324 

Phe are less favored than those with sensitive amino acid/protein and lipid molecules. This 325 

observation could be one of the reasons they are only limited data on increased non-enzyme 326 

catalyzed oxidized/hydroxylated aromatic xenobiotics under the present experimental 327 

conditions. However, modulation (mainly depression) of enzyme and transporter activities 328 
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(oxidative stress-induced damage) of proteins/lipids) is well documented in the literature [51, 329 

52,44]. 330 

Materials and Methods 331 

Chemicals 332 

Copper (II) sulfate pentahydrate (CuSO4•5H2O), sodium sulfate (Na2SO4), sodium 333 

potassium tartrate tetrahydrate (KNaC4H4O6•4H2O, potassium iodide (KI), and potassium 334 

chloride (KCl) were obtained from Reanal (Budapest, Hungary). Trichloroacetic acid (TCA), 335 

sodium hydroxide (NaOH), sodium chloride (NaCl), and ethylenediaminetetraacetic acid 336 

disodium (EDTA.Na2) were from Molar Chemicals (Budapest, Hungary). Guanidine 337 

hydrochloride, glacial acetic acid (CH3COOH), and thiobarbituric acid (TBA) were purchased 338 

from M.P. Biomedicals (Illkirch, France), Scharlau (Barcelona, Spain), and AppliChem 339 

(Darmstadt, Germany), respectively. Butylated hydroxytoluene (BHT), Trizma, 5,5′-dithiobis-340 

(2-nitrobenzoic acid) (DTNB), phenylalanine (Phe), o-tyrosine (o-Tyr), m-tyrosine (m-Tyr), 341 

and p-tyrosine (p-Tyr) were from Sigma-Aldrich (Budapest, Hungary). Sodium dodecyl sulfate 342 

(SDS), methanol (MeOH), ethanol (EtOH), ethyl acetate (EtOAc), dichloromethane, n-hexane, 343 

and chloroform (CHCl3) were obtained from VWR chemicals (Debrecen, Hungary). 344 

Animals and experimental procedure 345 

Male Wistar rats (9-11 weeks old; weighing 250-300 g; TOXI-COOP, Hungary, 346 

Budapest) were separated into four groups. Group I was the control, and Group II, III, and IV 347 

were induced diabetic animals (n=4 each). They are subdivided into one-week (Group II), two-348 

week (Group III), and four-week (Group IV) diabetic animals. Experimental diabetes was 349 

induced by intravenous injection of streptozotocin (STZ) (65 mg/kg bw, i.v.). The experimental 350 

animals were provided standard chow (Safe D40, Scientific Diets, Rosenberg, Germany) and 351 

water ad libitum. The chow was withdrawn the day before the experiments (at 4 p.m.). Blood 352 
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glucose levels were tested on the day of the experiments (at 8 a.m.) to confirm hyperglycemia. 353 

The animals were anesthetized with an intraperitoneal injection of urethane (1.2 g/kg bw, i.p.). 354 

The abdomen was opened by a midline incision, and the selected organs were collected. The 355 

collected samples were stored in a deep freezer (-70 oC) until the analysis. 356 

Sample preparation 357 

Samples were taken from the freezer (-70 oC) and incubated on ice for 5 minutes to 358 

become de-frozen and ready. A mass of the organ sample was weighted, then homogenized 359 

with the homogenizing buffer pH 7.4, in a proportion (1:3). The buffer was composed of KCl 360 

(0.154 M), Trizma (50 mM), and EDTANa2 (5 mM). The matrix was completed with BHT (50 361 

mg/ml in MeOH). The mixture was homogenized on ice by Witeg® homogenizer (HG-15A) 362 

for 90 seconds (50 speed rate). The homogenate was diluted with the buffer to reach the final 363 

mass/volume, in a proportion (1:4), sample preparation (homogenate 25%). The prepared 364 

samples were dispensed in Eppendorf vials and stored in a deep freezer (-70 oC) until the time 365 

of experiments. Before the experiments, the homogenate was removed from the fridge and 366 

incubated (37 oC) for 10 minutes in a water bath. 367 

UV-Vis determination of protein content (Biuret protein assay) 368 

To 0.1 ml of organ homogenate (25%) in a 10 mL test tube, 1.0 mL of SDS (8.1 %), 0.9 369 

ml of NaCl (0.9 %), and 8.0 ml of biuret reagent (CuSO4•5H2O, KNaC4H4O6•4H2O, KI, and 370 

NaOH in distilled water) were added. The mixture was incubated for 10 minutes at room 371 

temperature. Then, 1.0 ml of the sample was measured by UV-spectrophotometer (Jasco® V-372 

750) at 550 nm against the blank. The protein concentration of samples was determined by the 373 

equation of calibration curve of bovine serum albumin (BSA) (y = 0.2583x + 0.1124, r² = 374 

0.9997). The calibration curve plot was achieved with different concentrations of BSA in the 375 

same procedure of biuret assay designed and performed before sample measurements, as shown 376 

in Table 1S [53]. 377 
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UV-Vis determination of protein carbonyl content (DNPH-protein adducts) 378 

To 0.2 mL of organ homogenate (25%), 1.0 mL of 0.1 M phosphate buffer pH 7.2 and 379 

0.8 mL of distilled water and 2.0 mL of 5mM 2,4-DNPH (in 2 M hydrochloric acid) were 380 

added. The mixture was incubated in the dark at room temperature for one hour by vortexing 381 

every 15 minutes. Then, 2.0 mL of 50 % trichloroacetic acid was added, and the mixture was 382 

kept for another hour under the same condition. After that, the mixture was centrifuged for 15 383 

minutes/5000 rpm. The supernatant was discarded, and the residue was washed with 1.0 mL of 384 

EtOH/EtOAc (1:1). The sample was vortexed and centrifuged for 15 minutes (5000 rpm), and 385 

the supernatant was discarded. This washing step was repeated three times, and the final residue 386 

was dissolved in 1.0 mL of 8 M guanidine hydrochloride. After the sample completely 387 

dissolved. 0.1 mL of the solution was diluted with 0.9 mL of 8 M guanidine hydrochloride to 388 

be measured using a UV-spectrophotometer (Jasco® V-750). The absorbance was measured at 389 

375 nm against 8 M guanidine hydrochloride [54, 55]. 390 

UV-Vis determination of diene conjugates 391 

To 1.0 mL of organ homogenate (25%) in a conical flask with a ground glass joint, 20 392 

mL of chloroform: methanol (2:1 V/v) mixture was added. The mixture was incubated for 20 393 

minutes in a water bath (50 °C) with mechanical shaking. After that, it was washed into a 394 

separatory funnel using 10 mL of chloroform: methanol (2:1 v/v) mixture, and 5 mL of distilled 395 

water. The mixture was allowed to stand for 20 minutes to allow separation. Then, the bottom 396 

phase was filtered into an Erlenmeyer flask and dried over anhydrous sodium sulfate. It was 397 

filtered into a weighted round-bottomed flask and evaporated by a rotary evaporator (Heidolph 398 

Hei-VAP) at 30°C/100 rpm (20 minutes). After evaporation, the mass of the flask mass was 399 

weighed, and the residue was dissolved in MeOH to obtain a 1 mg/mL solution. The absorbance 400 

of the obtained solution was measured by UV-spectrophotometer (VWR® U-1600PC) in a 401 
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range of 400-200 nm against MeOH. After that, the solution was diluted with MeOH ten times, 402 

and the measurement was repeated [56]. 403 

UV-Vis determination of malondialdehyde (MDA) (TBARS assay) 404 

To 0.1 ml of organ homogenate (25%), in a well-sealed ground-glass stoppered test 405 

tube, 0.2 mL of SDS (8.1 %) and 1.5 ml of CH3COOH (20 %; pH 3.5) were added. After that, 406 

1.5 ml of thiobarbituric acid (0.8 %) and 0.7 ml of distilled water were pipetted to the mixture. 407 

The mixture was incubated in boiling water (95 oC) for one hour to achieve the color reaction 408 

(TBARS). The sample was cooled down on ice (5 minutes) and centrifuged (5 minutes, 3000 409 

rpm). 1 mL of the clear supernatant was measured by UV-spectrophotometer (Jasco® V-750) 410 

at 532 nm against distilled water [57]. 411 

UV-Vis determination of non-protein thiols (NPSH) 412 

To 1.0 ml of organ homogenate (25%), 0.25 mL of BHT (50 mg/ml in methanol) and 413 

0.25 mL of trichloroacetic acid (25 %) were added. The mixture was vortexed and then 414 

centrifuged for 5 minutes/5000 rpm. 0.1 mL of the collected supernatant was combined with 415 

2.8 mL of Trizma buffer pH 8.9. The reaction was started after pipetting 0.1 mL of Ellman's 416 

reagent (DTNB) (0.01 M in MeOH). The sample was incubated at room temperature for 30 417 

minutes, allowed the maximum reaction, and then measured at 412 nm against the blank. [58, 418 

59]. 419 

HPLC determination of tyrosine isomers 420 

Sample preparation 421 

To 50 mg organ sample, 400 l of 6N hydrochloric acid, 40 l of 500 mM BHT in 422 

methanol, and 4 l of 400 mM desferrioxamine solution are added. The sample was vortexed 423 

for 1 minute and then hydrolyzed at 120 ° C for 18 hours. Then, the sample was allowed to 424 
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cool, centrifuged at 3000 rpm for 10 minutes, and filtered through a syringe filter (0.2 μm) 425 

before analysis [60]. 426 

HPLC-FLD measurements 427 

HPLC-FLD analyses were performed on a Shimadzu Class 10 HPLC system equipped with 428 

an RF-10 AXL fluorescent detector (Shimadzu, Canby, OR, USA). Separation of compounds 429 

was performed on a LiChrospher 100 C18 (5 µm) LiChroCART® 250-4 column at ambient 430 

temperature. The mobile phase consisted of 1% (m/v) sodium acetate and 1% (v/v) acetic acid 431 

in water (isocratic run). Flow rate: 1.0 ml/min. For Phe: excitation: 258 nm, emission: 305 nm. 432 

For Tyr: excitation: 275 nm, emission: 305 nm. Concentrations were determined using external 433 

calibration [61]. 434 

Statistics 435 

The protein content of homogenate samples was measured by Biuret assay according 436 

to the calibration curve of different known concentrations of BSA. TBARS (nmol TBARS/mg 437 

protein/g tissue) and GSH (μmol GSH/mg protein/g tissue) amounts represent the mean ± S.D. 438 

of four animal samples in each group. The value of protein carbonyl content (μmol/Port-439 

DNPH/mg protein/g tissue) and diene conjugates (E1cm
1%/mg protein/g tissue) are the mean ± 440 

S.D. of animal groups (n= 4). HPLC-UV integrated peak areas of tyrosine derivatives 441 

(nmol\mmol) represent the mean ± S.D. of animal groups (n= 2). The difference among groups 442 

was analyzed by SPSS one-way Anova. Significant differences from the control value: ∗ p < 443 

0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001. 444 
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Supplementary Materials 645 

 646 

Table 1. Determination of protein content by Biuret assay of different concentrations of the 647 

bovine serum albumin (BSA). 648 

No. BSA volume 

(mL) 

8.1 % SDS 

(mL) 

0.9 % NaCl 

(mL) 

Biuret 

reagent (mL) 

BSA 

concentration 

(mg/mL) 

1 -- 1 1 8 Blank 

2 0.1 1 0.9 8 0.3 

3 0.2 1 0.8 8 0.6 

4 0.3 1 0.7 8 0.9 

5 0.4 1 0.6 8 1.2 

6 0.5 1 0.5 8 1.5 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 
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Figure 1. The calibration curve of the UV-absorbance of different concentrations of the bovine 658 

serum albumin (BSA) by Biuret assay. 659 
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