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Abstract: 

Monocytes are the essential component of the immune system, which polarizes to 

macrophages-a pivotal facet of immune modulation characterized by discrete functional 

phenotypes, including the pro-inflammatory M l and anti-inflammatory M2 macrophages. 

This process depends on multifaceted molecular mechanisms, prominently with the 

expression of Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidases, post-

translational protein modifications, and the regulatory influence of extracellular vesicles 

(EVs). NADPH oxidases, also called NOX, are a diverse enzyme family with seven (7) isoforms, 

playing a central role in intracellular reactive oxygen species (ROS) production from molecular 

oxygen (O2). The molecular mechanisms of activation and assembly of NADPH oxidase 

underlying the assembly of the NADPH oxidase complex consist of multiple subunits including 

gp91phox, p22phox, p47phox, p67phox, and Rac. NADPH oxidase assembly includes 

phosphorylation events, protein-protein interactions, and the role of small GTPases such as 

Rac. Activation of NOX enzymes is associated with ROS release, thereby modulating intricate 

signaling cascades crucial in macrophage polarization. The production of ROS predominantly 

superoxide anion radical ( O 2 * ) , and subsequently hydroxyl radical (HO*), hydrogen peroxide 

(H2O2), and singlet oxygen ( 1 0 2 ) ] is necessary for our body, but if produced in higher amounts, 

they can cause the oxidation of biomolecules within the cell. 

In the present study, we investigated the polarization of monocytes to macrophages, 

ROS generation during the transition, and mediated protein modifications under the influence 

of different differentiation inducers. Morphological changes in monocytes in the presence of 

a differentiation inducer were studied using Confocal Laser Scanning Microscopy (CLSM), and 

NADPH oxidase expression was studied using Immunoblotting. The regulation of the enzyme 

complex was studied in both monocytes and macrophages, and the role of EVs secreted from 

monocytes and their effect on differentiating monocytes as messengers or antioxidant cargo 

was also studied. Our results showed that monocytes turn into macrophages when they 

encounter inflammation or differentiation and produce ROS. Polyunsaturated fatty acids 

(PUFA) are easily damaged by these reactive molecules and can lead to reactive intermediates 
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or products such as aldehydes. Malondialdehyde (MDA), which is one of the final products of 

polyunsaturated fatty acids peroxidation led to protein modification. 

Furthermore, the involvement of EVs derived from monocytes and their co-culture 

with non-differentiating/differentiating cells showed that EVs through their cargo of 

regulatory molecules, potentially NOX isotypes contributed to the modulation of polarization 

of monocytes to distinct macrophage phenotypes. We studied the effect of selected 

exogenous antioxidant/bioactive compounds isolated from industrial waste to understand 

their efficacy in protecting the cells against oxidative damage. The intricate equilibrium and 

transition between the pro-oxidant and antioxidant effects of antioxidants were also 

investigated. 
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1. INTRODUCTION 
Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase (also known as NOX) 

serves as pivotal sources of cellular reactive oxygen species (ROS). These ROS play crucial roles 

in various cellular processes, including the synthesis of hormones, remodeling of the 

extracellular matrix, host defense mechanisms, and redox signaling pathways [1]. However, 

ROS mediated by NOX, termed oxidative burst, primarily helps eradicate invading 

microorganisms in macrophages and neutrophils, thus acting as an inflammatory mediator [2]. 

Initially, it was believed that the generation of superoxide anion radical (O2") through NOX 

occurred solely in phagocytes. However, recent revelations have unveiled several enzymes 

responsible for ROS production in diverse tissues, each exhibiting molecular differences. These 

enzymes share similarities with NOX2 (phagocytic NOX) and are collectively referred to as the 

NOX family [3]. Within the human genome, seven NOX homologs are present: NOX1 to NOX5 

and Duoxl and Duox2, each differing in expression levels, regulatory mechanisms, tissue-

specific expression patterns, types of ROS generated, and mechanisms governing their activity. 

In particular, control of their activity is of significant importance concerning the acute 

regulation of ROS formation and their participation in signaling cascades. 

The common functionalities of NOX proteins are attributed to their conserved 

structural characteristics, including the NADPH-binding site situated at the C-terminus, the 

flavin adenine dinucleotide (FAD)-binding area adjacent to the C-terminal transmembrane 

domain, six preserved transmembrane domains, and four conserved heme-binding histidine 

[4]. NOX1, initially identified as a homolog of NOX2, exhibits pronounced expression in various 

tissues, such as the colonic epithelium, smooth muscle cells, endothelial cells, uterus, placenta, 

osteoclasts, retinal pericytes, neurons, astrocytes, and microglia [5]. The NOX1 complex 

comprises the catalytic subunit NOX1 (a gp91phox homolog), NADPH oxidase organizer 1 

subunit (NOXOl, similar to p47phox), NADPH oxidase activator 1 subunit (NOXA1, similar to 

p67phox), the p22phox subunit, and the small GTPase Racl subunit. NOX1 interacts with the 

transmembrane subunit p22phox, preserving its stability and enzymatic efficacy. NOX1 

activation involves complex formation with the activators NOXA1, NOXOl, and Racl GTPase, 

culminating in the conversion of molecular oxygen (O2) to O2"" [6]. NOX2 expression is 
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prominent in inflammatory cells like monocytes, macrophages, and neutrophils, as well as in 

various tissues including the brain, neurons, microglia, heart, kidney, gastrointestinal tract, 

liver, and pancreas. Numerous studies have elucidated NOX2 signaling pathways, particularly 

in neutrophils [7]. 

NOX3 shares structural similarities with NOX1 and NOX2. It can be activated by 

regulatory subunits (such as p47phox and p67phox) or by NOXOl and NOXA1. Recent 

investigations underscore the essential role of p22phox in NOX3 activation and O2"" 

production. NOX3 exhibits notable expressions in the inner ear, contributing to the formation 

of otoconia crystals in the vestibular system. In addition, it exhibits lower expression levels in 

the liver, lung, spleen, and fetal kidney [8]. NOX4 has distinct characteristics that separate it 

apart from other NOX proteins, since it relies exclusively on the p22phox subunit for ROS 

production. Unlike its counterparts, NOX4 exhibits constant activity and operates 

independently of cytosolic subunits. It is highly prevalent in the kidneys and various cell 

populations, such as mesangial cells, smooth muscle cells, fibroblasts, osteoclasts, endothelial 

cells, neurons, and hepatocytes [9]. 

NOX5 presents a unique N-terminal domain containing four C a 2 + binding sites crucial 

for its activation, facilitated by additional elongation factor (EF)-hand motifs (helix-loop-helix 

motifs). Recent investigations suggest that NOX5 becomes active in response to an elevation 

in intracellular calcium levels, triggered by calcium/calmodulin-dependent kinase signaling 

and various post-translational modifications including phosphorylation, S-nitrosylation, 

SUMOylation, and oxidation. Upon stimulation, calcium binds to the C-terminal NADPH 

domain, facilitating electron transfer to FAD and heme molecules, ultimately resulting in the 

generation of O2*". NOX5 is detectable in the spleen, testes, and endothelial cells [6]. 

DUOX1/2 stands apart from other NOX isoforms due to its possession of an additional 

N-terminal domain that exhibits peroxidase activity and contains intracellular EF (a-helix "E," 

and a second a-helix "F") hand-type Ca 2 +-binding pockets. Both DUOX1 and DUOX2 exhibit 

different N-glycosylation states: a highly glycosylated mannose form observed in the 

endoplasmic reticulum (ER) and a fully glycosylated form present at the plasma membrane [1]. 

Like NOX5, DUOX1 and DUOX2 rely on calcium for activation and are prominently expressed 
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in the thyroid, respiratory system, and gastrointestinal tract [10]. In addition to its involvement 

in the oxidation of iodide by thyroid peroxidase (TPO), DUOX1/2 plays a vital role in host 

defense mechanisms [11]. Different NOX isoforms and their subunits are presented in Figure 

1. 

2 0 2 2 0j" 2 0 2 2 0'2 2 0 : 2 Oj 

NADP + H* NADP + H* ™ " u r 

Figure 1: Different NOX enzymes and the mechanisms of their activation. NOX1 and NOX2 undergo 

activation through the phosphorylation of NOXOl and p47phox, respectively, which includes the 

relocation of the multidomain complex (containing p40phox, p67phox, and Rac) from the cytoplasm to 

the membrane, together with the transfer of electrons from the substrate to O2. NOX3 activation is 

solely on p22phox, excluding Rac binding. Activation of NOX4 requires the involvement of both 

p22phox and Poldip2, while the activation of NOX5 and Duox activation depends on Ca 2 + binding 

(adopted from Pandey et al., 2014 doi:10.1038/cmi.2014.89). 

The thesis is written in the form of a mini-review, briefing the current knowledge 

related to NADPH oxidases, monocyte-to-macrophage polarization, NOX2 and NOX4 

expression, extracellular vesicles (EVs) mediated ROS/NOX regulation, and oxidative damage. 

The results of my research, published in Rathi et al. (2024), Prasad et al. (2024), Prasad et al. 

(2023), and Prasad et al. (2022), are discussed in the context of up-to-date findings and are 
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referred to in the text by bold and blue letters. These publications are enclosed in Appendix 2 

of the thesis. 

1.1 Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidases 

and its relation to diseases 

Out of seven ROS producing NOX, NOX2 is the most well-studied oxidase complex. 

Several diseases, as comorbidities, are caused by mutations in different subunits of the NADPH 

oxidase enzyme. The parts of the NADPH oxidase 2 (NOX2) complex, usually found in certain 

immune cells, are also found in other cells and tissues throughout the body. If these parts 

(gp91phox, p22phox, p47phox, and p67phox) have mutations or are deleted, they can cause 

several health conditions due to weakened immune systems. In mice lacking the CYBB gene 

(which encodes the NOX2/gp91phox protein) or NCF1 (which encodes the p47-phox protein), 

problems linked to a deficiency in the NOX2 complex have been reported [12]. It has been 

known that the CV" produced by NOX2 helps regulate how tight or relaxed our arteries are by 

breaking down nitric oxide (NO"), it is known for making blood vessels wider. Studies with mice 

lacking NOX1 and NOX2 suggest that these substances affect the function of our blood vessels. 

[13]. Having fewer NCF1 gene copies increases the likelihood of developing rheumatoid 

arthritis. This link has been observed in mice with modified p47phox. Successful arthritis 

treatment has involved using substances that enhance oxidative bursts. In systemic lupus 

erythematosus (SLE), specific genetic variations (SNPs) in NCF2 (which encode the p67phox 

protein) are strongly associated with the risk of the disease. One of these variations 

(rsl7849502, p67phox H389Q) is also associated with a higher risk of very early-onset 

inflammatory bowel disease (VEOIBD), as mentioned earlier. Like p67phox H389Q, some other 

variations associated with lupus (rsl3306575, p67phox R395W; rs35937854, p67phox A297V) 

are positioned in parts where proteins intermingle, possibly affecting how the oxidase subunits 

interact [12]. 
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1.2 Activation of NADPH oxidase 
Phagocytic cells, particularly neutrophils and macrophages, employ various effector 

mechanisms to eliminate engulfed bacterial, fungal, and protozoal pathogens. A central player 

in these defense mechanisms is O2"" which is derived from O2. The controlled generation of 

O2"" occurs in response to the appropriate activation of membrane receptors through a tightly 

regulated enzyme complex. The oxidase helps create O2"" by using NADPH to reduce O2 

through a one-electron process. In the cell membrane, the working oxidase complex includes 

a cytochrome b558, made up of two subunits (NOX2 or gp91phox, and p22phox), and four 

components inside the cell: p47phox, p67phox, p40phox, and a small GTPase Racl/2 [14]. 

The key player in NADPH oxidase is gp91phox, a protein with 570 amino acids. It has 

six a-helical structures in the cell membrane, linked by 3 external and 2 cytosolic loops, and a 

unit inside the cell called the dehydrogenase region (DHR). NOX2 accomplishes all the steps 

for moving electrons from NADPH to O2, including holding NADPH and FAD in the DHR and two 

hemes (interacting with the second and fifth transmembrane helices) in the cell membrane. 

When the phagocytes are at rest, the oxidase components are separated. Activation occurs 

when cytochrome b558 (large glycosylated (3 subunit gp91phox + small non-glycosylated a 

subunit p22phox) interacts with cytosolic components, which requires that these components 

(p67phox, p47phox and Rac) move to the membrane where cytochrome b558 is located 

(Figure 2). This whole progression is complete with protein and lipid interactions, which are 

important for the assembly of oxidase [15]. In the principal model of oxidase assembly, the 

pivotal event is the interaction between p67phox and the DHR of NOX2. This interaction 

induces a conformational change in NOX2, which serves as the starting point for electron flow 

[16]. As p67phox lacks its own domain of intrinsic membrane attachment, it depends on the 

association of p47phox and Rac for proper positioning and contact with NOX2 [17]. The roles 

of p47phox and Rac in helping p67phox interact with NOX2 are different and cannot be 

substituted. Under controlled conditions (cell free system), the oxidase can become active 

without p47phox, but Rac is necessary for the activation of the oxidase. These processes lead 

to oxidase modification and conformational changes [17]. 
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Inactivated form 

Extracellular space 
p22 Phox 

Plasma membri 

RAC 9m 

Activated form 

p22 Phox 

RACgJS 

Cytosol 

Figure 2: The image depicts the inactive (left) and active (right) form of NOX2, illustrating distinct 

subunits and their arrangement within the enzyme complex. This image was created using 

biorender.com. 

In NADPH oxidase complex, a cytochrome b558 heterodimer, which consists of two 

integral membrane proteins [gp91phox (N0X2) and p22phox], NADPH donates electrons to 

FAD in the presence of the cytosolic subunit p67phox. Subsequently, electrons are relayed 

from FAD to the heme group of gp91phox (N0X2). Molecular oxygen is then reduced by the 

transferred electrons, leading to the formation 02*~(Figure 3) . 

p22 Phox 

H + NADP* 

Figure 3: The schematic diagrams depict the electron flow from NADPH to FAD, from FAD to heme, and 

from heme to O2 in the NADPH oxidase enzyme complex, resulting in the formation of O2" (image 

created using biorender.com). 

6 

http://biorender.com
http://biorender.com


NADPH oxidase-mediated ROS generation plays a critical role in cell fate. These can 

activate cells and can lead to oxidation and damage in the cell. Reactive oxygen species 

produced in mitochondria can activate several immune pathways involves TLR signaling 

adapter, tumor necrosis factor receptor-associated factor 6 (TRAF6), resulting in more 

production of mitochondrial and cellular ROS [18]. Another group of cytosolic multiprotein 

proteins complex called inflammasome contains a sensor protein NOD-like receptor (NLR) 

family, ASC (an adaptor protein), and effector caspase-1 [19] also activated by ROS [20]. The 

inflammasome complex bounded with the nucleotide-binding domain and the leucine-rich 

repeat-containing protein (NLR), this NLR regulates the secretion of pro-inflammatory 

interleukin (IL)-l(3 and IL-18 cytokines. 

Monocytes and macrophages, the main carriers of inflammasome genes, adjust to 

their surroundings by polarizing into the pro-inflammatory M l phenotype, promoting 

inflammation, or the anti-inflammatory M2 phenotype [21]. On the other hand, research 

findings show that Phorbol-12-Myristate-13-Acetate (PMA) can increase the expression of 

NLRP3, which can facilitate the differentiation and maturation processes of leukemia cells. 

Moreover, it directly impacts the apoptosis of leukemia cells and their transition into cells 

resembling monocytes / macrophages [22]. In systemic sclerosis, the ROS-mediated feedback 

loop appears to sustain the expression of NOX-2 and NOX-4 [23]. 

1.3 Cell differentiation- monocytes to macrophage polarization 

Monocyte differentiation/ polarization involves the transformation into specialized cell 

types, including macrophages, dendritic cells, and osteoclasts in response to specific signals 

(summarized in Figure 4). Macrophages with pronounced pro-inflammatory and bactericidal 

attributes are categorized under the designation of M l macrophages. Conversely, M2 

macrophages assume a role in inflammation resolution, contribute significantly to wound 

healing processes, facilitate tumor growth, and are instrumental in generating anti­

inflammatory mediators as well as growth factors (Figure 4) [24]. 

When cells such as U-937 and THP-1 encounter differentiation inducers such as PMA 

and ascorbic acid, their proliferation rate undergoes a noticeable slowdown, thus initiating the 
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differentiation process. Consequently, these monocytes assume a morphology suggestive of 

macrophages, owing to structural modifications. However, the precise characteristics of the 

resultant cell line remain somewhat mysterious, depending on the specific dose and duration 

of exposure to inducers. Previous investigations have elucidated that cells treated with various 

inducers exhibit increased expressions of C D l l b and CD14, concomitant with the onset of 

adhesion and subsequent arrest of the cell cycle, which also agrees with our published results 

(Figure 3, Article 2). Furthermore, it is recognized that cell differentiation triggers the 

activation of C a 2 + and phospholipid-dependent isoforms of protein kinase C (PKC), thus 

promoting adenosine monophosphate (AMP) metabolism, thus facilitating the maturation of 

these cells into macrophages. 

Monocyte 

Proinflammatory Anti-inflammatory 

TM'-a, 
GM-CSF 
LPS 
INFY 

Ml macrophages 

CSF I, RANKL 

Dendritic cell 

1L-10, TGFß, M-
CSF. IL-35 

V 
11.-10. Vita m 
dexamethasome 

M2 Macrophage 

Figure 4: Monocyte polarization and differentiation with different stimuli (image created using 

biorender.com) 

In our study, after 72 hours (h) of treatment with ascorbic acid and PMA, cells were 

visualized by confocal laser scanning microscope and morphological alteration of cells was 

observed. Significant differentiation was observed in U-937 cells treated with PMA 

concentrations at 250 nM and 150 n M , respectively (Figure 5; Figures 4 and 5, Article 3). For 
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the observation of the integrity of the cellular plasma membrane and nucleus, FM4-64 and 

Hoechst 33342 stains, respectively, were used. We did not observe damage to the nucleus 

(blue fluorescence) or plasma membrane (red fluorescence) of the cell at the concentrations 

of PMA and ascorbic acid. Differentiated monocytes showed dendrite types of structure, and 

non-differentiated monocytes (control) exhibit a spherical type of structure. 

Control 150nM PMA 250nM PMA 

Figure 5: Monocyte cell plasma membrane integrity and differentiation with 150 and 250 nM PMA: 

Staining was performed using FM4-64 in non-differentiated and 72 h differentiated U-937 cells 

incubated for 5 min. The images were taken in two channels (Nomarski DIC and FM4-64). 

1.4 Ascorbic acid as antioxidant and pro-oxidant 
Ascorbic acid (vitamin C) and vitamin E, functioning as antioxidants, have significantly 

influenced our understanding, highlighting the vital role of antioxidants in the biochemistry of 

living organisms. Vitamin E stands out for its ability to impede the lipid peroxidation process. 

This underscores antioxidants as crucial agents that counteract oxidation reactions, frequently 

scavenging ROS before they inflict damage on cells [25]. Treatment with ascorbic acid after 

stress has been observed to be more effective than vitamin A in enhancing glutathione and 

catalase levels and reducing lipid peroxidation. [26]. Vitamins are molecules either occurring 

naturally or synthesized chemically, indispensable for sustaining the human body in minimal 

quantities. These essential nutrients, beyond the body's endogenous synthesis capabilities, 
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serve as viable supplements through dietary intake. They intricately contribute to diverse 

physiological functions vital for maintaining optimal metabolic processes. For instance, vitamin 

D functions akin to hormones, regulating mineral metabolism; vitamin A governs cellular and 

tissue growth, while vitamins E, C, and A exert antioxidant properties. Furthermore, the 

vitamin B complex group operates as essential enzyme cofactors and precursors. Excessive 

amounts of these vitamins primarily undergo storage in the hepatic and adipose tissues, 

obviating the necessity for daily dietary incorporation. However, supplementation with 

elevated doses of these vitamins can induce toxicity, thereby posing potential health hazards 

[27]. Notably, certain cell types, including muscle cells, exhibit reduced absorption of 

dehydroascorbic acid (DHA) under conditions of elevated glucose concentration, a 

phenomenon attributed to the competitive interaction between glucose and ascorbate for 

GLUT-1 transporters (Glucose transporter) [28]. 

Ascorbic acid has dual roles as both an antioxidant and a pro-oxidant depending on the 

different environmental conditions [29]. The antioxidative characteristic of ascorbic acid 

originates from the creation of a stable ascorbic acid radical, facilitated by the donation of a 

hydrogen atom to ROS [30]. This process involves the utilization and neutralization of ROS, 

which serves as the fundamental mechanism that underpins the antioxidant property of 

ascorbic acid. Essential conditions for optimal antioxidant efficacy include a low concentration 

of ascorbic acid (<0.1 mM) and a pH of 7.0. Subsequently, the ascorbic acid radical has the 

potential to revert to its unaltered state (ascorbic acid), facilitated by cellular enzymatic 

processes, or undergo transformation into oxidized ascorbic acid through a disproportionation 

reaction [31]. 

The pro-oxidant propensity of ascorbic acid manifests under different conditions. First, 

it occurs during the auto-oxidation process at elevated concentrations (>4 mM) and pH of an 

alkaline solution pH (>7). This involves the reaction between the ascorbic acid dianion and O2, 

resulting in the formation of an ascorbic acid radical and O2"" (Figure 6). Given the physiological 

concentration range of ascorbic acid on the micromolar scale and the physiological pH 

maintaining around 7.0, the kinetics of this auto-oxidation process exhibit notable kinetics (10" 

6 to 10"7 s"1), diminishing its biological relevance under typical conditions. In the initial step, 
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ascorbic acid undergoes oxidation, resulting in the formation of the ascorbic acid radical 

concomitant with the reduction of a metal ion. Subsequently, the ascorbic acid radical 

undergoes conversion to oxidized ascorbic acid through the disproportionation reaction. 

Reduced metal ions then readily engage with oxygen, yielding an O2"" that eventually 

generates hydrogen peroxide (H2O2) [29] (Figure 6). The H2O2 produced undergoes the classic 

Fenton reaction in the presence of metal ions. Oxidized ascorbic acid can be restored to its 

original form, ascorbic acid, through the consumption of cellular glutathione or other cellular 

processes. Given that these reactions can occur at lower ascorbic acid concentrations (<0.1 

mM) and under near neutral pH conditions, their physiological relevance is considerable [29]. 

HO 
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Figure 6: Structures of the chemical species associated with ascorbic acid and its oxidation (adopted 

with modification from Du etal., 2012 [29] (image created using biorender.com). 

In our recent study (Article 2), which deals with the antioxidant and pro-oxidant activity 

of ascorbic acid in U-937 cells, it has been concluded that proteins undergo changes in 

response to the influence of ascorbic acid on U-937 cells when subjected to transformation 

into macrophages. This transformation involves the production of ROS (pro-oxidative 
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behavior) at lower concentration (below 5|j,M) and a switch exhibiting antioxidant properties 

(at lOuM or above) (Figure 5, Article 2). Essentially, this study indicates that the role of 

ascorbic acid is not only as an antioxidant but also in promoting the differentiation of 

monocytes into macrophages, emphasizing its involvement in the immune response via ROS 

formation. 

Ascorbic acid enters most cells through specific transporters called sodium-dependent 

vitamin C Transporter 1 (SVCT1) and Sodium-dependent Vitamin C transporter 2 (SVCT2) [32] 

In some of the research studies in U-937 cells, it is evident that SVCT2 expression is in 

mitochondria [33]. An additional important observation refers to the susceptibility of both 

plasma membrane and mitochondrial SVCT2 activity to inhibition by low micromolar 

concentrations of the oxidized form of ascorbic acid, that is, DHA [34]. The above findings 

explain a particular approach adopted by U-937 cells for the transportation of ascorbic acid 

across both the plasma and mitochondrial membranes. Importantly, this mechanism appears 

amenable to alteration influenced by factors associated with their differentiation into 

monocytes [35]. The investigation revealed that the differentiation of U-937 cells is linked to 

a decrease in SVCT2 mRNA expression, without inducing significant effects on SVCT1 mRNA. 

Importantly, this observation was discerned in cells cultured without ascorbic acid, strongly 

indicating that the identified inhibitory response holds specific biological relevance, and the 

same study indicates that the transition of pro-monocytes to monocytes is accompanied by a 

notable reduction in the expression of SVCT2. Interestingly, a distinct scenario is anticipated 

during the recruitment of monocytes to inflamed tissues. It is therefore postulated that 

subsequent differentiation of these recruited monocytes into macrophages might produce a 

different pattern or response with respect to SVCT2 expression [36]. 

1.5 ROS signalling and monocyte differentiation 
At the levels of signal transduction and molecular phenotypes, M l macrophages 

exhibit distinct characteristics, including activation of transcription factors such as Signal 

Transducer and Transcription Activator 1 (STAT1) and Nuclear Factor Kappa B ( N F K B ) . 

Furthermore, these macrophages exhibit increased production of pro-inflammatory cytokines, 
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encompassing TNFa, IL-1B, IL-6, IL-12, and various others [37]. In contrast, M2 macrophages 

are distinguished by the activation of the transcription factor STAT6, heightened expression of 

the mannose receptor (CD206), and the synthesis of cytokines including transforming growth 

factor-beta (TGF-P), chemokine (C-C motif) ligand 18 (CCL18), and interleukin-1 receptor 

antagonist (IL-IRa). Numerous investigations have elucidated the contribution of ROS in the 

initiation of signaling pathways, specifically nuclear factor Kappa B (NFKB) and p38 Mitogen-

Activated Protein Kinase (MAPK). These intricate pathways, upon ROS activation, orchestrate 

the upregulation of pro-inflammatory gene expression within macrophages. A hypothesized 

mechanism centers on the initiation of NOX and superoxide dismutase (SOD) activation, 

leading to the generation of H2O2 in response to stimulation by Toll-Like Receptor 4 (TLR4) 

stimulation. This sequence of events is postulated to play a role in cellular processes associated 

with oxidative stress and immune responses. 

In the complex realm of macrophage regulation, the intricate interaction of ROS, 

particularly those stemming from NOX, in shaping macrophage activation and function 

remains a puzzle yet to be fully unraveled. Despite its apparent significance, the influence of 

NOX-derived ROS on macrophage behavior remains elusive. Notably, the suppression of M 2 -

associated marker expression follows the inhibition of NOX-derived O2"", a phenomenon that 

adds a layer of complexity to understanding NOX-mediated effects on macrophage dynamics. 

Paradoxically, in NOX-deficient non-obese diabetic (NOD) mice, an unexpected increase in M2 

markers occurs, further complicating the understanding of NOX-derived ROS impact on 

macrophage activation pathways. This unexpected outcomes adds uncertainty to the intricate 

web of interactions between NOX-derived ROS and macrophage behavior [38]. 

Disagreements in findings may arise from variations in the experimental 

methodologies employed to inhibit ROS production. In a comprehensive perspective, both 

macrophage phenotypes M l and M2 are influenced by NOX-derived ROS and mitochondrial 

ROS (mtROS), affecting the underlying signaling pathways. It is postulated that the stage of cell 

differentiation and intracellular and mtROS likely play a crucial role in determining the 

induction of M l or M2 polarization [39]. 
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Figure 7: Current state of understanding on "ROS and regulation of cell differentiation" (image created 

using biorender.com). 

1.6 Extracellular vesicles (EVs), its biogenesis pathway and ROS 

regulation 
Typically, when macrophages are activated, they interact with a variety of target cells 

to achieve their immunomodulatory effects. This interaction may involve direct contact 

between cells or the discharge of a secretome, encompassing cytokines and Extracellular 

vesicles (EVs). In the core, when activated, macrophages communicate with different cells by 

making direct contact or by releasing substances such as cytokines and EVs, influencing the 

immune response [40]. Extracellular vesicles constitute naturally occurring, minute lipid 

vesicles released by nearly all mammalian cells, permeating various body fluids such as plasma, 

serum, breast milk, cerebrospinal fluid, and serum. The EVs include microvesicles (MVs) and 

exosomes, each distinguished by their origin and structural characteristics. Microvesicles, 

spanning a size range of 150 to 1000 nm, materialize through the direct outward budding of 
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the plasma membrane. On the contrary, exosomes, of a smaller size ranging from 30 to 

100 nm, trace their origin to endosomes and are discharged by fusion of multi-vesicular bodies 

(MVBs) with the plasma membrane [41] (Figure 8). 

Figure 8: Extracellular vesicle biogenesis pathway. Small EVs begin with early endosome formation 

triggered by ligand-receptor interactions, followed by the emergence of early endosomes. These 

endosomes generate ILVs through ligand-mediated membrane invagination. Subsequently, they 

mature into MVBs. Multi-vascular bodies can undergo either fusion with lysosomes for degradation or 

fusion with the cellular membrane, releasing small EVs into extracellular spaces (image created using 

biorender.com). 

Extracellular vesicles secretion has been observed in both the eukaryotic and 

prokaryotic domains, indicative of a conserved biological process in evolutionary timelines 

[42]. Extracellular vesicles encompass a diverse array of cellular components, including 

proteins, lipids, mRNA, and miRNA, originating from the interior of the cell. When internalized 

by recipient cells, these EVs actively participate in a multitude of biological processes. A 

noteworthy aspect of the function of EVs is their ability to protect their cargo from potential 

enzymatic degradation within the extracellular location, ensuring the preservation and 

effective delivery of the encapsulated molecular content [43]. Inside cells, there are special 

compartments called multivesicular bodies (MVBs) and late endosomes. These compartments 

have small vesicles inside them, known as intraluminal vesicles (ILVs), that hold specific 
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proteins, lipids, and other materials. When these ILVs are released, they become exosomes. 

The creation of ILVs happens as the cell membranes fold inward, a discovery made while 

studying how the transferrin receptor (TfR) is released in small vesicles by mature 

reticulocytes. 

The movement of MVB's towards the cell's outer membrane is facilitated by the 

cellular infrastructure, utilizing the cytoskeletal framework and microtubule network. 

Following the fusion of MVBs with the cell surface in a process known as exocytosis, the 

internal vesicles within MVBs, known as ILVs, are released into the extracellular environment 

as exosomes. This intricate cellular mechanism ensures the transport and secretion of ILVs 

through a regulated and orchestrated process that involves MVB and the cell surface [44]. 

Multivesicular bodies represent a diverse and varied group within cellular structures [45]. The 

composition of MVBs is diverse, prompting ongoing inquiries into the possible divergence of 

pathways for secretion and degradation within these structures. The question of whether 

specific markers or cargoes influence these distinct pathways remains unanswered. Numerous 

mechanisms have been identified in the intricate process of exosome biogenesis. A pivotal 

participant in this process is the Endosomal Sorting Complex Required for Transport (ESCRT) 

machinery, complemented by the vital involvement of Soluble N-ethylmaleimide-sensitive 

factor activating protein receptor (SNARE) proteins and their effectors, including RAB GTPases, 

in orchestrating the intricate secretion of exosomes [46]. 

In our study, we characterized EVs isolated from U-937 and THP-1 cells, subsequently 

identifying NOX isoforms within them, and whether EVs can modulate NOX4 and NOX2 

expression in monocytes and macrophages (Article 1). For the isolation of EVs, different 

approaches such as filtration, centrifugation, and polyethylene glycol (PEG) enrichment were 

applied. For the isolation of EV, the supernatant was collected and filtered through a 0.2 u.m 

polyether sulfone membrane syringe filter (explained in detail in section 2.3 of Article 1). 

Polyethylene glycol enrichment and high-speed centrifugation were also utilized following 

filtration, and the outcomes from both methods were comparable (Figure 1, Article 1). 

Characterization of EVs was carried out by differential light scattering (DLS), transmission 

electron microscopy (TEM) and immunoblotting (Figure 9; Figure 2 and Supplementary data 
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2, Article 1). In transmission electron microscopy (TEM) at various magnifications, the size of 

EVs was confirmed (Figure 9). Subsequently, the isolated vesicles were measured using 

dynamic light scattering (DLS), yielding a mean Z-average diameter of approximately 134 nm 

with a standard deviation of about 8.64 nm and a polydispersity index of 0.278. Following size 

measurement, immunoblotting was conducted for anti-CD63. 

Figure 9: Extracellular vesicles at different magnification measured using TEM. 

CD63 is a lysosomal membrane protein ranging from 30 to 60 kDa, characterized by its 

structure consisting of four alpha-helical transmembrane domains with two extracellular 

loops. Both the N- and C-terminals of CD63 are oriented inward within exosomes. During the 

past two decades, various tetraspanins, including CD63, CD81, and CD9, have been established 

as markers of EV/exosomes. In our investigation, we used endogenous CD63 as a surface 

marker for EV. Our immunoblot analysis of the isolated protein revealed a distinctive band at 

approximately 63kDa (Figure 2, Article 1). This CD63 protein, which likely underwent post-

translational modifications such as glycosylation, confirms the presence of EVs. In similar 

studies, multiple bands within the range of 30 to 85 kDa have been observed, which could be 

attributed to various factors, including, but not limited to, post-translational modifications, 

proteolytic cleavage, and other experimental variables [47]. 
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1.7 Extracellular vesicle and NOX regulation 
In recent reports, the impact of ROS on nerve fibers (axons) regeneration after being 

injured has been studied [48]. In the study, the authors focused on the involvement of tiny 

structures called exosomes (EV of intraluminal origin), which release complexes containing an 

active form of NOX2 when axonal injury occurs. NOX2 is known for its role in generating ROS, 

molecules known to be involved in various cellular processes. The main breakthrough of this 

study was that the release of these exosomal NOX2 complexes was found to extremely 

important in controlling axon regeneration. Reactive oxygen species produced by NOX2 

appeared to influence specific pathways within cells that are crucial for axon growth. 

Essentially, this research provided a deeper understanding of the complex molecular 

mechanisms that govern the regeneration of injured nerve fibers. The authors emphasized the 

significant role that ROS-mediated processes play in this context. In simpler terms, the study 

helped to understand how certain molecules, specifically those involved in oxidative stress, 

affect the ability of nerve fibers to heal and grow after being injured [48]. 

Inspired by the study, we designed a co-culture experiment of EVs isolated from 

monocytes (U-937 and THP-1) with monocytes treated with differentiation inducers (PMA and 

ascorbic acid). We then investigated the expression of NOX2 and NOX4 enzymes in control, 

differentiated and differentiated cell co-cultured with exosomes. 

To confirm the additional effect of differentiation inducers or EV on monocytes, cell 

viability test using trypan blue in control (no differentiation agent + no exosomes) and all 

treated samples with ascorbic acid, PMA and EV, the viability percentage of the cells was 

greater than 80% at 24 h and 72 h. Within the control group (without differentiation agents or 

exosomes), viability percentages of 90% and 80% were observed at 24 h and 72 h, respectively. 

Samples subjected to PMA-induced differentiation exhibited a viability of 86.5% at 24 h, 

increasing to 95% at 72 h. Similarly, samples treated with viability maintained with ascorbic 

acid within the same range, consistently exceeding 80%, at various concentrations (5uM and 

10uM). Upon treatment with EVs and differentiation using PMA, viability reached 88% at 24 h 

and 94% at 72 h. Likewise, samples differentiated with ascorbic acid exhibited viability within 

the same range, consistently exceeding 80% at different concentrations (5uM and 10uM). 
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Consequently, it was concluded that neither external administration of differentiation agents 

(PMA or ascorbic acid) nor supplementation of EVs induced any stress that led to changes in 

cell proliferation and viability (Figure 3, Article 1). 

In the results of this study based on immunoblotting, EVs treatment was found to suppress 

the expression of NADPH oxidases in cells treated with differentiation inducer. Immunoblot 

results for anti-NOX4 antibody, showed NOX4 expression at 67kDa. In differentiated cells 

[(PMA, 150 nM and 250nM) or ascorbic acid (5 uM and 10 uM)], the expression of NOX4 was 

slightly suppressed, except for cells treated with 10 uM ascorbic acid. However, co-culture of 

EV along with cells demonstrated no apparent influence on NOX4 expression compared to the 

control. Interestingly, in 72 h differentiated cell co-cultured with EV, a pronounced down-

regulation of NOX4 expression was observed, particularly in cells treated with ascorbic acid 

(Figure 4, Article 1). This observation may lead to a hypothesis regarding the potential 

regulatory role of microRNAs in NOX4 expression during the transition from monocytes to 

macrophages. 

NOX2 expression was found to be only suppressed in co-cultured macrophages specifically 

in U-937, while no significant suppression was observed in THP-1 cells (Figure 5, Article 1). In 

THP-1 cells, immunoprecipitation was performed using NOX2 antibodies and protein A 

agarose beads. In the differentiation induced and EVs co-cultured cells, the immunoblots on 

NOX2 showed significant suppression in EV co-cultured conditions (Supplementary data S7, 

Article 1). 

The formation of MDA-protein adduct was investigated using anti-malondialdehyde (anti-

MDA) polyclonal antibody. anti-MDA blotting showed suppression of the level of MDA-protein 

adduct formation under the EV treated conditions. The obtained results have been 

summarized in Figure 10. For the validation of this experiment, H2O2 treated cells were also 

used as positive controls. Additionally, we measured the suppression of ROS on chemically 

generated HO* (using Fenton reagent) under the exogenous addition of EVs using electron 

paramagnetic resonance (EPR) spin-trapping spectroscopy. The formation of a-hydroxyethyl 

radical adducts of POBN [POBN-CH(CH3)OH adduct] was found to be significantly suppressed 

with the exogenous addition of EVs in a dose-dependent manner (Figure 7, Article 1). 
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Figure 10: Summary on NOX4, NOX2, MDA and antioxidant level in non-differentiated, differentiated, 

and co-cultured (cells+ EVs) conditions (image created using biorender.com). 

Extracellular vesicles, particularly exosomes, play a vital role in reducing oxidative stress 

within recipient cells by directly transporting enzymatic antioxidants such as glutathione 

(GSH), superoxide dismutase 1 (S0D1), thioredoxin reductase 1 (TrxRl), methioredoxin 

reductase (TrxR2), glutathione peroxidase, in addition to mRNA of antioxidative enzyme which 

later translates [49, 50]. Consequently, EV therapy emerges as a promising frontier in 

regenerative medicine [51, 52]. The therapeutic potential of EVs lies in their ability to 

modulate cellular functions by transporting cargo to recipient cells. EVs derived from various 

sources can be selectively utilized to target specific therapeutic applications, and this 

technology has found applications in regenerative medicine to enhance tissue repair, address 

neurological disorders such as Alzheimer's and Parkinson's disease, and contribute to cancer 

therapy, among other areas [53, 54]. 

1.8 Antioxidant activity of bioactive compounds 
Bioactive compounds are molecules found in natural sources that can have specific 

physiological effects on cells and the body in general. These compounds can influence various 

biological processes, and a large percentage of bioactive compounds are known to possess 

antioxidant properties. Bioactive compounds play a pivotal role in cellular homeostasis, 
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countering oxidative stress induced by dietary insults like alcohol and high-fat intake. Their 

antioxidative capabilities involve scavenging ROS, therefore safeguarding cellular integrity. 

Bioactive compounds in addition can exhibit anti-inflammatory properties, modulating 

signaling pathways to mitigate inflammatory responses. In the realm of oncology, bioactive 

compounds showcase anti-cancer attributes through intricate regulation of cellular processes. 

Their influence extends to epigenetic control, particularly in histone acetylation, contributing 

to gene expression modulation. In essence, bioactive compounds serve as molecular sentinels, 

orchestrating a finely tuned response to dietary challenges, ensuring cellular resilience and 

maintaining physiological equilibrium [55]. Dietary stress triggers a shift in the cellular redox 

state, culminating in a profoundly oxidative environment characterized by the overproduction 

and buildup of ROS. This imbalance results in oxidative stress, instigating inflammatory 

responses and disrupting metabolic functions. The heightened presence of ROS induces a 

cascade of detrimental effects, impacting cellular processes and contributing to the 

deleterious consequences associated with dietary stress, including oxidative stress-induced 

damage, inflammatory reactions, and compromised metabolic homeostasis. In principle, the 

perturbation in redox equilibrium serves as a key instigator of pathological conditions linked 

to dietary stress [56]. 

Under normal physiological conditions, the body's defense mechanisms, including 

enzymes like catalase, SOD, and the glutathione, work synergistically to convert ROS and 

reactive nitrogen species (RNS) into less harmful substances. However, during pathological 

states, an excess production of ROS/RNS overwhelms these defenses or disrupts their normal 

functioning. This imbalance results in oxidative stress, a condition where the body's 

antioxidant capacity falls short of counteracting the heightened oxidant levels. Prolonged 

oxidative stress evolves into chronic inflammation, contributing to the development of various 

diseases such as diabetes, cardiovascular disorders, arthritis, and cancer. The disturbance in 

redox equilibrium becomes a pivotal factor in the pathogenesis of these health issues [57]. 

Phytochemicals, comprising polyphenols, flavonoids, steroids, organosulfur compounds, and 

vitamins, constitute plant-derived metabolites widely dispersed across different plant organs, 

playing integral roles in plant growth and developmental processes. Beyond their botanical 
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significance, these phytochemicals have garnered attention for their therapeutic potential. 

Currently, they are harnessed for the prevention and management of a spectrum of diseases, 

including diabetes, cardiovascular disorders, and cancer. Exploiting the health-promoting 

attributes of these botanical compounds has become a focal point in medical investigations, 

underscoringtheir diverse applications in enhancing human well-being and providing a natural 

strategy to counteract various pathological conditions [58]. 

Phytochemicals demonstrate antioxidant capabilities, as evidenced by findings from 

both laboratory {in vitro) and live organism {in vivo) studies. These compounds are observed 

to directly counteract ROS and elevate the expression of cellular antioxidant enzymes. By 

scavenging ROS and bolstering the activity of intrinsic antioxidant defenses, phytochemicals 

play a crucial role in shielding cells from oxidative stress-induced damage. This dual action, 

underscores the protective effects of phytochemicals against cellular injuries caused by 

oxidative stress [59]. In recent study, it has been studied that exposing Drosophila flies to 

environmental toxins increased oxidative stress, resulting in neurotoxicity. However, when 

Drosophila flies were given a diet enriched with phytochemicals before being exposed to 

paraquat, a protective effect was observed. The dietary inclusion of phytochemicals displayed 

neuroprotective properties, alleviating the harmful effects of oxidative stress and serving as 

antioxidants. This implies that incorporating phytochemicals into the diet before exposure to 

toxins could be advantageous in preventing neurotoxicity. It highlights the potential of these 

compounds in mitigating the detrimental impact of environmental toxins on the nervous 

system in Drosophila flies [60]. 

Our study (Article 3) related to bioactive compounds and their impact on protein 

modifications concludes that the activation or differentiation of monocytes into macrophages 

is orchestrated by the induction of diverse pro-inflammatory mediators and the generation of 

02*". Notably, lipids, particularly polyunsaturated fatty acids (PUFA's), exhibit heightened 

susceptibility to oxidative stress. The evaluated compounds [four (4) bioactive compounds 

(chlorogenic acid, oleuropein, tomatine and tyrosol; oleuropein and tomatine extract were 

prepared from the leaves of olives and tomato [61-63] and other were acquired commercially)] 

chosen based on pilot experiments] demonstrated no cytotoxicity and did not impede the 
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differentiation of U-937 cells into monocytic lineages, as validated through confocal laser 

scanning microscopic analysis. Tomatine and tyrosol, among the tested compounds, displayed 

augmented antioxidant activity compared to chlorogenic acid and oleuropein, as evidenced by 

immunoblotting analysis utilizing an anti-MDA antibody (Figure 6, Article 3). The question of 

whether foods or supplements abundant in antioxidants confer anti-disease efficacy remains 

a subject of substantial debate. Indeed, there are varying viewpoints on the hypothesis 

proposing that antioxidant vitamins possess the capability to prevent chronic diseases [64]. 

1.9 Oxidative damage and skin health 

Skin aging involves the gradual loss of structural and functional traits. It is influenced 

by intrinsic factors and external elements like infections and diseases, including autoimmune 

conditions and skin cancers. Reactive oxygen species play a crucial role in both natural and 

external aging, causing chronic disturbances in skin equilibrium, leading to senescence and 

persistent inflammation. Understanding ROS mechanisms is vital to prevent age-related signs 

and address premature skin aging [65]. Ultraviolet radiation serves as the primary catalyst for 

the production of ROS in the skin. The generation of ROS following UVA and UVB irradiation 

relies on the absorption of photons by intrinsic photosensitizer molecules like cytochromes, 

riboflavin, heme, and porphyrin [66]. Subsequently, these excited photosensitizers can lead to 

the generation of ROS, including the O2"" and 1 0 2 [67, 68]. Superoxide dismutase transforms 

O2"" into H2O2, which, in concert with transitional metals like Fe(ll) or Cu(ll), facilitates the 

formation of the highly harmful HO" [66]. 

In Article 4, we attempted to address the direct correlation of ROS formation and 

mediated biomolecule oxidation. In our study, we measured spontaneous ultra-weak photon 

emission from porcine ears and after applying the Fenton reagent topically. Different 

concentrations of H2O2 (0, 2.5 m M , 5 m M , and 10 mM) and FeS04 were applied to skin 

biopsies, and images of the resulting ultra-weak photon emission were taken. The results 

showed a direct correlation of ultra-weak photon emission and concentration of the Fenton 

reagent applied topical to skin biopsies (Figure 1, Article 4). With the addition of sodium 

ascorbate (lOmM) prior to application of oxidant on porcine skin, the ultra-weak photon 
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emission was found to be significantly suppressed which indicated a direct participation of x02 

in overall ultra-weak photon emission (Figure 2, Article 4). Under circumstances such as lack 

to scavenger or uncontrolled production of ROS, radical reactions in cells can occur leading to 

modifications of various cellular components, including DNA, proteins, lipids, and 

carbohydrates. In Article 4, we performed an immunoblotting study to identify proteins 

undergoing modification. Stress induction was specifically induced by H2O2 treatment, as 

extreme oxidative damage was not necessary for studying protein modification using western 

blotting and the presence of endogenous transition metal ions was deemed sufficient for 

mediating this process. 

For protein modification, focusing on protein carboxylation and protein carbonylation, 

we utilized anti-MDA and anti-2,4 dinitrophenylhydrazone (anti-DNP) immunoblotting, 

respectively. Skin biopsies treated with H2O2 (10 mM) and control non-treated samples were 

subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The use 

of anti-MDA antibodies allowed us to detect MDA-modified proteins, revealing the formation 

of MDA-protein adducts around 15 kDa, 45 kDa, 50 kDa, 65 kDa, 130 kDa, and 250 kDa. 

Notably, the band density of proteins at 65 kDa, 130 kDa, and 250 kDa was found to be 

increased compared to the control un-treated groups (Figure 5, Article 4). To investigate the 

formation of protein carbonyls, a process called derivatization was employed (section 3.4, 

Article 4). The western blot analysis of skin biopsies, both untreated (control) and those 

treated with H2O2, provided insights into the levels of carbonylated proteins. Notably, a 

distinctive band at 130 kDa appeared in both groups, exhibiting varied patterns. The proteins 

subjected to carbonylation processes in the control group were markedly less prevalent than 

those in the treatment group, as indicated by the distinct band observed at 130 kDa. This 

observation suggests a significant impact of H2O2 on the formation of carbonylated proteins 

in comparison to the untreated control samples (Article 4). 

Reactive oxygen species oxidize proteins, causing both structural and functional 

impairments, alongside the formation of protein aggregates and cross-links. These changes 

can disrupt the typical folding and conformation of proteins, thereby hindering protein-protein 

interactions and enzymatic activities. Amino acids, such as cysteine, methionine, and histidine, 
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are recognized as particularly susceptible targets of ROS generation. Moreover, lipids, notably 

due to the presence of PUFA's, are prone to peroxidation, resulting in the generation of lipid 

hydroperoxides and various other reactive lipid species. Within our investigation, MDA, 

emerging as a by-product of lipid peroxidation, arises through a series of reactions involving 

the cleavage of peroxide bonds and the subsequent rearrangement of resultant radicals. 

Furthermore, ROS can inflict considerable damage on DNA and Ribonucleic acid (RNA) by 

oxidizing their bases, ultimately leading to the formation of DNA adducts, breaks, and cross­

links. These modifications can culminate in mutations and genomic instability, potentially 

contributing to the onset of diseases. 
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2. AIMS OF THE STUDY 
During cellular metabolic processes or in response to biotic or abiotic stress, various 

reactive species are generated. NADPH oxidases are recognized as key enzymes in this process 

and are distributed across various cellular locations. In addition to directly studying their 

formation, researchers often employ indirect methods such as examining modified products 

and their influence on synthesis and biomolecule oxidation pathways. All things considered; 

we have aimed our study as follows: 

i. Explore the involvement of NADPH oxidases in ROS generation and NOX 

expression in monocytes and macrophages. 

ii. Investigate the influence of EVs on NADPH oxidase expression during monocyte 

differentiation. 

iii. Examine how EVs co-culture affects the alteration of NOX2 and NOX4 

expression during differentiation. 

iv. Analyze the pro-oxidant and antioxidant effects of ascorbic acid on cellular 

polarization and protein oxidation during differentiation. 

v. Conduct a detailed investigation into the antioxidant properties of exosomes, 

ascorbic acid, and selected bioactive compounds. 

vi. Discuss ROS and oxidative stress in skin health. 
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3. EXPERIMENTAL METHODOLOGY 

3.1 Cell lines 

U-937 and THP-1 cells which are male human pro-monocytic myeloid leukemia cell 

lines were purchased from American Type Culture Collection (ATCC; Rockville, MD, USA) [69]. 

U-937 leukemia cells carry the t(10; l l ) ( p l 3 ; ql4) translocation, resulting in a fusion between 

the MLLT10 (myeloid/lymphoid or mixed-lineage leukemia) gene and the Ap-3-like clathrin 

assembly protein PICALM (clathrin assembly lymphoid myeloid leukemia), which contributes 

to the tumorous nature of the cell line [70]. 

3.2 Cell seeding and growing condition 

Cells were cultured in a 6-well CELLSTAR cell culture multiwell microplates (Greiner Bio-

One, Kremsmiinster, Austria) for experiments with initial seeding of 10 5 cells/ mL of medium 

and incubated for 72 h at 37 ° C with 5% C0 2 . To growth medium (RPMI-1640) pre-

supplemented with 0.05 mM L-glutamine were added 10% fetal bovine serum (FBS) and 1% 

antibiotics (penicillin and streptomycin) in the v/v ratio. The experiments were carried out 

when viability was above 70%. 

3.3 Cell differentiation 

The differentiation inducers, ascorbic acid at concentrations ranging from 0 to 10 u.M, 

and PMA dissolved in DMSO at concentrations of 150 nM for THP-1 cells and 250 nM for U-

937 cells, were employed. As PMA is light-sensitive, precautions were taken during handling. 

The cultures were seeded with a total of 1x10 s live cells/mL for either 48h or 72 h as specified 

in Articles 1-3. Ascorbic acid was dissolved in extracellular buffer (EB) consisting of HEPES (15 

mM), NaCI (135 mM), KCI (5 mM), CaCb (1.8 mM), MgCI 2 (0.8 mM), pH 7.4. 
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3.4 Trypan blue assay for cell proliferation and viability 

Cellular proliferation and viability were measured using trypan blue at 0, 24 h and 72 h 

of treatment or as specified in Articles 1-3. Trypan blue concentration was kept at 0.05%, 

viability of cells was measured after 2 min of incubation using a TC20 automated cell counter 

(Bio-Rad Laboratories, Hercules, CA, United States). TC20 automated cell counter was used to 

determine cell density. For a detailed protocol, please refer to Section 2.8 of Article 1. 

3.5 Cell proliferation assay 

Cell proliferation was assayed by measuring the metabolism of a tetrazolium substrate 

[3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] (MTT). The effect of DMSO 

used to dissolve PMA and EB used to dissolve ascorbic acid on U-937 cell proliferation was 

determined following the method of the cell proliferation assay kit (ab211091). For the test, 

cells were seeded in triplicates. Cells cultured in the absence or presence of PMA and ascorbic 

acid were incubated for 72 h at 37 ° C. Following the desired treatments, the medium was 

discarded and serum-free RPMI-1640 media along with MTT reagent was incubated for 4 h at 

37 ° C. To avoid interference by the MTT reagent, MTT solvent was added and the 96-well 

microplate was kept on shaker for 15 min. The absorbance was recorded at 590 nm using 

Microplate Readers (Agilent Scientific Instruments, Santa Clara, CA, United States). 

3.6 Harvesting of cells 

After differentiation, RPMI-1640 media was replaced (carefully without disturbing the 

cells) with serum free RPMI-1640 media and incubated for 24 h for providing resting period to 

the cells. After 96 h in total, cells were collected in different tubes and centrifuged at 300xg 

for 10 min (Article 2). In Article 1 and 3, cells were harvested after 72h of differentiation. Cell 

pellets were collected and washed (2x) with phosphate buffer saline (PBS) (speed and time as 

above). 
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3.7 Confocal laser scanning microscopy 

The Fluorview 1000 confocal unit attached to the 1X80 microscope was used to visualize 

cells on slides or 6-well plates (Olympus Czech Group, Prague, Czech Republic). FM4-64 

(15uM, 5 min, RT) was used to staining of cells for monitoring the integrity of cell plasma 

membrane, Hoechst 33342 (2uM) for nuclear integrity and C D l l b FITC fluorescence labeled 

antibody (dilution 1:2500) for surface marker (differentiation marker) under different 

experimental conditions as specified in Articles 1-3. The He-Ne laser was used for excitation 

of FM4-64 at 543 nm and its emission was recorded in the range 655-755 nm. FM4-64 (Sigma 

Aldrich GmbH, Germany) is a lipophilic dye used to stain the plasma membrane. Hoechst 

33342 (Sigma Aldrich GmbH, Germany) (membrane-permeant stain) binds to AT-rich regions 

of double-stranded DNA for which excitation was achieved at 405 nm diode laser and emission 

was recorded at 430-470 nm bandpass filter. For C D l l b FITC, excitation was achieved using a 

488-nm argon laser, and emission was recorded in the range of 505-550 nm. 

3.8 Transmission electron microscopy 

For visualization of EVs at different magnification, a transmission electron microscope 

(TEM) Jeol 2010F, which works in the range of 80-200kV, equipped with a LaB6 cathode and a 

Keenview G2 CCD camera, was used. Images are presented at the scale of 500 and 100 nm 

(Figure 9). 

3.9 Preparation of EVs free fetal bovine serum (FBS) 

Extracellular vesicle-free FBS was used for cell culture, prepared by filtration through a 

0.2 urn polyether sulfone membrane syringe filter (VWR International, Puerto Rico, United 

States of America), followed by centrifugation at 21,000 x g for 3 h to remove components 

smaller than 0.2 urn. The resulting supernatant was collected and used for preparing complete 

media. 
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3.10 Isolation of EVs from culture media 

Extracellular vesicles were isolated from cultured media after 5 days of cell seeding in 

EV-free FBS-complemented media. 20 mL of media were collected from the flask and 

centrifuged at 300 x g for 10 min at 4 °C to remove cells. The supernatant was then collected 

and filtered through a 0.2 uM polyether sulfone membrane syringe filter. This step was 

followed by centrifugation for 3 h at 21,000 x g at 4 °C. After this centrifugation step, pellets 

were collected and washed with ice-cooled PBS (2x) for 3 h at 21,000 x g at 4 °C. Pellets 

containing EVs were collected and re-suspended in 250 ul of HPLC-grade water and stored at 

-20 °C for further use. For co-culture experiments, freshly isolated EVs were used. 

Monocytes 

I 

Exocytosis 

0.2 urn polyether sulfone 
membrane 

Filtration 

21,000 g 
(3h x 3x) 

4 'C 

Centrifugation 

Figure 11: Isolation step of EV from monocytes (image created using biorender.com). 

Another method for the isolation of EVs was also attempted using polyethylene glycol 

(PEG)-mediated precipitation. Following filtration of the media through a 0.2 uM polyether 

sulfone filter, the filtrate was mixed in a ratio of 1:2.5 and incubated overnight at 4 °C with 

50% PEG6000 prepared in d/w. Following this step, the mixture was centrifuged at 13,000xg 

for 60 min at 4 °C, and the pellet was washed twice with chilled PBS (13,000xg, 60 min at 4 °C). 

EVs were collected and stored for further use. 

3.11 Characterization of EVs using dynamic light scattering (DLS) spectroscopy 

Dynamic light scattering measurements of isolated EVs were performed to determine 

the size distribution using the Malvern Zetasizer RED Pro with a detector angle of 173° 

(backscatter) at a temperature of 25 °C. For the measurement, 25 u± of isolated particles were 

diluted in 975 u± of d/w, and particle size analysis was conducted for both EVs isolated using 

centrifugation and PEG enrichment. 
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3.12 Co-culture experiment of EV with monocytes and differentiating agents 

The 6-well plate was used for a co-culture experiment, in which PMA was added at a 

final concentration of 250nM for U-937 cells and 150nM for THP-1 cells. For ascorbic acid, final 

concentrations of 5uM and 10 uM was used for differentiating the cells. In each well, cells 

were seeded at a density of 1*105 cells/mL. For controls, cells in the absence of differentiating 

agents and/or with EV (20ul) were added. The cells were then incubated for 72 h at 37 °C, and 

trypan blue assays were performed at 24 h and 72 h in U-937 cells (Figure 3, Article 1). After 

72 h, cells were harvested, and protein isolation was performed. 

3.13 Protein isolation from cells and EVs 

For protein isolation from cells, pellets generated during cell harvesting (Section 3.6) 

was resuspended in 200-250 uJ (depending on cell density) of RIPA buffer [150 mM NaCI, 

50mM Tris (pH 8.0), 0.5 % sodium deoxycholate, 0.1 % SDS, 1 % NP-40] and 1% protease and 

phosphatase inhibitor were supplemented. For the protein isolation from EV, the EV obtained 

in Section 3.10 was used except the step in which resuspension was done in HPLC grade water, 

RIPA buffer was used. After adding RIPA buffers, cells and EV were kept on ice for 5 min. 

Following this step, sonication was carried out at 40% amplitude (1 cycle, 30 s each, 6x). After 

each cycle of sonication, cells/EVs were transferred to the ice (to avoid protein damage and 

degradation). After completing the sonication, the samples were centrifuged at 18,400 x g for 

30 min at 4 ° C. Centrifugation leads to pelleting of the cell debris at the bottom of the 

centrifuge tube, and protein-containing supernatant was collected carefully without 

disturbing the pellets. For details on protocol, please refer to Section 2.6 of Article 1. 

3.14 Estimation of isolated proteins 

The isolated protein samples were kept on ice for further steps. Protein estimation was 

performed using the Pierce bicinchoninic acid (BCA) protein estimation kit (Thermo Fisher 

Scientific, Paisley, UK). 10 ul of isolated protein samples and 10 ul of protein standards 

provided with the BCA assay kit (concentrations 125 ug/mL, 250 ug/mL, 500 ug/mL, 750 
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ug/mL, 1,000 ug/mL, 1,500 ug/mL and 2,000 ug/mL) were added to a 96-well plate. The RIPA 

buffer served as the control sample. In all wells, 200 ul of the solution mixture (working 

solution prepared using solution A and B in the 50:1 ratio) were added and plate was covered 

with an aluminum foil and incubated at 37 °C for 30 min. The 96-well plate was taken, and the 

absorbance was recorded at 562 nm. The concentration was calculated according to the 

protein standard and by plotting the calibration curve. The protein sample was stored at -80 ° 

C for further use. The procedure was used in studies presented in Articles 1-3. 

3.15 Immunoprecipitation 

For immunoprecipitation, 10 ug of protein lysate was used from each sample variant 

followed by incubation with primary antibody (0.25ug, anti-NOX2 antibody). Incubation of the 

mixture was followed by gentle rocking at 4° C overnight. The protein bound to primary 

antibody was precipitated with protein A bound to beads (50 ul/mL of cell lysate) with 

incubation for 2 h at 4 ° C with gentle shaking. This step was followed by washing of the beads 

at 3,000 g for 2 min at 4 ° C with 1 mL of precooled TBS to remove excess beads, unbounded 

antibodies, and impurities (3x) and pellet was collected. They were resuspended in 75uL tris-

buffer saline. 25 u l SDS sample buffer was added, vortexed, and then centrifuged for 30 s 

(5000 rpm). The samples were heated at 100 ° C for 5 min followed by centrifugation at 10,000 

rpm for 2 min. Supernatants containing the protein of interest followed by SDS-PAGE and 

western blotting (Supplementary data 7, Article 1). 

3.16 Tricine SDS-PAGE electrophoresis 

The isolated protein was mixed with 5x Laemmli sample buffer along with 100 mM 

dithiothreitol (DTT) and incubated at 70°C for 10 min in a dry bath. 10 ug/lane of protein 

sample were loaded into the well (1.5 mm polyacrylamide gel containing 4% stacking gel and 

10% resolving gel). For the visualization of molecular weight of proteins, the pre-stained 

protein ladder was loaded (for details, please refer to the Supplementary data 9, Article 1). 

For the identification of protein carbonyls (Article 4), the free carbonyl group of the 

isolated protein sample was derivatized with 2,4 dinitrophenylhydrazine (DNPH) which results 
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in the formation of a 2,4 dinitrophenylhydrazone (DNP) derivative. For derivatization, the 

protein sample was mixed with an equal amount of 12% SDS and IX DNPH solution (50 mM 

DNPH in 50% sulfuric acid). Following this step, it was incubated for 30 min at RT for the 

derivatization reaction to occur. 30% glycerol and 2M Tris base (0.75x v/v of DNPH solution) 

were added for the neutralization of the derivatization reaction. Subsequently, the mixture 

was centrifuged at 14, 000 rpm for 10 min and the supernatant was collected and processed 

further for SDS-PAGE gel. 

3.17 Transfer of the proteins from SDS gel 

The proteins from the SDS gels were transferred to polyvinylidene difluoride (PVDF) or 

nitrocellulose membrane (Bio-Rad, California, USA). Protein transfer to membranes was 

achieved using the Trans-Blot Turbo transfer system (Bio-Rad, California, USA), and the 

transfer time ranged from 7-30 mins (depending on the gel thickness). For confirmation of 

protein transfer, membranes were incubated in Ponceau staining (0.1% ponceau S: 1% acetic 

acid, w:v; diluted to 100 mL of d/w) for 5-10 minutes, followed by washing and visualization of 

stained protein bands. This step was taken in all cases to assure proper loading of samples 

(Supplementary data, Article 1) 

3.18 Immunoblotting 

After protein transfer, the membranes were blocked with 5% BSA in tris buffered saline 

(TBS) (pH 7.4) and 0.1% Tween 20 (referred to as TBST) on a shaker at 15 rpm (the incubation 

time varied from 1.5-12h depending on experiments; shorter incubation was done at RT and 

overnight incubation were done at 4 ° C). Following blocking, it was then incubated with 

primary antibodies prepared in 5% BSA in TBST for 1.5 h at RT for anti-NOX2, anti-NOX4, anti-

CD63 and anti-DNP while for anti-MDA, it was incubated between 1.5 and 12 h (Articles 1-4). 

Please refer to Figure 12 for antibodies used in the Articles 1-3. After primary antibody 

incubation, washing (3x, 10 min each) on a shaker was done using TBST. For primary 

antibodies, a dilution of 1:5000 in most cases, if otherwise indicated. 
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Figure 12: Schematic representation showing the experimental setup for immunoblotting for 

monocytes with non-differentiating and differentiating controls along with the co-culture experiment 

with EVs (image created using biorender.com). 

The membranes were then incubated for another l-2h at RT with goat anti-rabbit IgG 

HRP conjugated or Affinipure goat anti-mouse IgG HRP conjugated secondary antibody 

(dilution 1:10000, 5% BSA in TBST) followed by 3x washing (10 min each) with TBST and gentle 

shaking. After the final wash, the immunocomplexes were developed using Immobilon 

Western Chemiluminescent HRP substrate (Sigma Aldrich, GmbH, Germany) and imaged using 

the Amersham 600 imager (GE Healthcare, United Kingdom). 

3.19 Validation of experiments (EPR spin-trapping spectroscopy and high-

performance liquid chromatography) 

Spin-trapping was performed using an electron paramagnetic resonance (EPR) 

spectrometer (MiniScope MS400, Magnettech GmbH, Berlin, Germany) with 10 mM POBN (4-

pyridyl-l-oxide-N-tert-butylnitrone). EPR spectra were recorded under the following 

parameters: microwave power (10 mW), modulation amplitude (1 G), modulation frequency 
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(100 kHz), sweep width (100 G), scan rate (1.62 G s"1). These experiments were carried out to 

confirm the antioxidant capacity of EVs (Figure 7, Article 1). 

To validate the immunoblot results on MDA-protein adduct, estimation of total MDA 

using HPLC was performed according to Pilz et al. (2000) [71]. Please refer to Supplementary 

data 2, Article 2 for detailed protocol on sample preparation. 
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4. CONCLUSIONS AND FUTURE PERSPECTIVES 
Based on the findings presented in this thesis, our conclusions are as follows: 

4- Our research demonstrated the correlation between monocyte differentiation into 

macrophages and the protein modifications induced by ROS generation. 

4- Monocyte-derived EVs downregulated the expression of NOX4 and NOX2 in 

differentiated macrophages, suggesting a possible modulation of NADPH oxidase 

expression at the transcriptional or translational level. 

i- EVs resulted in inhibition of lipid peroxidation and subsequently reduced protein 

modification, supporting recent findings suggesting EVs as carriers of antioxidants. This 

study confirms EVs as promising candidates for therapeutic use in conditions linked to 

oxidative stress. 

± Unlike traditional antioxidant delivery through liposomes, EV therapy can offer 

improved efficiency in cellular uptake, presenting a viable solution to the challenges 

associated with antioxidant administration, especially spontaneous uptake by cells. 

i - We demonstrated the dual nature of ascorbic acid, transitioning from a pro-oxidative 

to an antioxidant property. 

i - Our immunoblotting analysis using anti-MDA antibody revealed that bioactive 

compounds derived from food industrial waste, specifically tomato and olive leaves, 

displayed antioxidant effects, suggesting their potential for food supplementation. 

Notably, tomatine and tyrosol exhibited robust effects when tested on human cell 

lines, while chlorogenic acid and oleuropein demonstrated moderate effects. 

4- We investigated the immediate impact of ROS via topical application on a human skin 

model. Ourfindings revealed an increase in ultra-weak photon emission in skin samples 

under oxidative stress. Furthermore, we elucidated the underlying mechanism that 

leads to the formation of oxidatively modified proteins and protein carbonyls. 

•4- The results of our study expand our comprehension of the mechanism underlying ROS 

generation within the skin layers, along with its implications and potential preventive 

measures. These insights facilitate the development and implementation of preventive 

strategies to manage ROS-related skin issues. 
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Appendix 1: list of biological materials and chemicals 

Biological material 
• U-937 and THP-1 cell line (ATCC® CRL-1593.2™) 

Used chemicals 
• 10% NP-40, Detergent, 10% solution in water (abeam, # abl42227) 
• Acetic Acid (Lach-Ner, # 607-002-00-6) 
• Acrylamide (Sigma-Aldrich, # A8887) 
• Albumin Fraction V, NZ-Origin (BSA) (Carl Roth, # 9048-46-8) 
• Ammonium persulfate (APS) (Bio-Rad, # 161-0700) 
• Anti-NADPH oxidase 4 antibody (anti-NOX4) (abeam, # abl33303) 
• Anti- Malondialdehyde antibody (anti-MDA) (abeam, # ab27642) 
• Bromphenol Blue (Sigma-Aldrich, # 93773) 
• cOmpleteTM, Mini Protease Inhibitor Cocktail (Roche, # 4693124001) 
• Coomassie® Brilliant Blue G-250 (CBB) (Bio-Rad, # 1610406) 
• Dimethyl sulfoxide (DMSO) (Duchefa Biochemie, # D1370.1000) 
• Di-sodium hydrogen phosphate dodecahydrate (Lach-Ner, #: 30061-CPO) 
• DL- Dithiothreitol (DTT)(Sigma-Aldrich, # 43815) 
• EIA Grade Affinity Purified Goat Anti-Rabbit IgG (H+L) Horseradish Peroxidase 

Conjugate (Bio-Rad, # 172-1019) 
• Foetal bovine serum, Heat inactivated (FBS) (Biosera, # FB-1001H/500) 
• FM™ 4-64 Dye (A/-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino)Phenyl) 

Hexatrienyl) Pyridinium Dibromide) (ThermoScientific, #T3166) 
• Glycerol anhydrous (Lach-Ner, #: 40058-ATO) 
• Hoechst 33342, Trihydrochloride, Trihydrate (ThermoScientific, # H3570) 
• N, N'-Methylene-Bis-Acrylamide (BIS) (Bio-Rad, # 1610200) 
• N, N, N', N'- Tetramethylenediamine (TEMED) (Sigma-Aldrich, # T7024) 
• PageRuler Plus Prestained Protein Ladder (ThermoScientific, # 26625) 
• PBS tablets (Gibco, # 18912-014) 
• Polyethylene glycol 6000 (PEG) 
• Penicillin Streptomycin (Gibco, # 15140-122) 
• Phorbol 12-myristate 13-acetate (Sigma-Aldrich, # P1586) 
• Phosphatase Inhibitor Cocktail (Sigma-Aldrich, # P0044) 
• Ponceau S (Sigma-Aldrich, # P3504) 
• Potassium chloride (Sigma-Aldrich, #: P9541) 
• Potassium dihydrogen phosphate (Sigma-Aldrich, #: P0662) 
• RPMI-1640 w/ stable Glutamine (Biosera, # LM-R1639/500) 
• SDS (Bio-Rad, # 1610302) 
• Sodium chloride (Lach-Ner, #: 30093-APO) 
• Transfer Turbo 5x Transfer buffer (Bio-Rad, # 10026938) 
• Tricine (Sigma-Aldrich, # T0377) 
• Tris (Roche, # 10708976001) 
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• Tween 20 (Sigma-Aldrich, # 93773) 
• Trypan Blue cell culture tested (Sigma-Aldrich, # T6146) 
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Extracellular vesicles (EVs) are a type of cytoplasmic vesicles secreted by a variety 
of cells. EVs originating from cells have been known to participate in cell 
communication, antigen presentation, immune cell activation, tolerance 
induction, etc. These EVs can also carry the active form of Nicotinamide 
Adenine Dinucleotide Phosphate Oxidase Hydrogen (NADPH) oxidase, which 
is very essential for the production of reactive oxygen species (ROS) and that can 
then modulate processes such as cell regeneration. The aim of this study is to 
characterize the EVs isolated from U-937 and THP-1 cells, identify the NADPH 
oxidase (NOX) isoforms, and to determine whether EVs can modulate NOX4 and 
NOX2 in monocytes and macrophages. In our study, isolated EVs of U-937 were 
characterized using dynamic light scattering (DLS) spectroscopy and 
immunoblotting. The results showed that the exogenous addition of 
differentiation agents (either phorbol 12-myristate 13-acetate (PMA) or 
ascorbic acid) or the supplementation of EVs used in the study did not cause 
any stress leading to alterations in cell proliferation and viability. In cells co-
cultured with EVs for 72 h, strong suppression of NOX4and NOX2 is evident when 
monocytes transform into macrophagic cells. We also observed lower levels of 
oxidative stress measured using immunoblotting and electron paramagnetic 
resonance spectroscopy under the EVs co-cultured condition, which also 
indicates that EVs might contribute significantly by acting as an antioxidant 
source, which agrees with previous studies that hypothesized the role of EVs 
in therapeutics. Therefore, our results provide evidence for NOX regulation by 
EVs in addition to its role as an antioxidant cargo. 

KEYWORDS 

extracellular vesicles, NADPH oxidase, NOX2, NOX4, monocytes, macrophages, reactive 
oxygen species, free radicals 
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1 Introduction 
Cells (prokaryotes or eukaryotes) secrete lipid-bound vesicles 

that encapsulate nucleic acids and proteins into the extracellular 
space called EVs (Di Bella, 2022). The size ranges for these EVs 
are known to range from nanometres to micrometres. EVs are a 
broad term used to describe a heterogeneous group of vesicles 
that are released into the extracellular space by cells; these can be 
exosomes, microvesicles (also called exosomes or shedding 
vesicles), and apoptotic bodies (Johnson et al., 2020). Cells can 
secrete different types of vesicles that can be heterogenic in size 
and composition (Surman et al., 2017). The biogenesis pathways 
of these vesicles can vary. EVs can be isolated from different body 
fluids such as saliva, urine, plasma, lymph, synovial fluid, 
cerebrospinal fluid, amniotic fluid, breastmilk, tears, bile, 
gastric acid, etc. (Doyle and Wang, 2019). During the last two 
decades, research related to EVs has accelerated due to its 
supposed role in different physiological pathways, cell 
communication, drug delivery, and as a therapeutic compound 
(Nederveen et a l , 2021). 

Biogenesis of EVs can be broadly classified into microvesicles or 
exosome biogenesis. Microvesicles, also known as exosomes or 
shredding vesicles, are formed by outward budding of the plasma 
membrane of the cells. The formation of microvesicles can be 
triggered by stressors or any change in the microenvironment. 
The change in lipid composition and the action of the 
cytoskeleton component results in outward budding and 
eventually scission through the formation of the neck-like 
structure. During the budding process, different components of 
the cell such as proteins, lipids, and nucleic acids can be loaded, 
referred to as cargo. The process of exosome biogenesis begins with 
endocytosis, in which extracellular components or materials 
internalize into the cells. Following this step, the structure is 
directed toward the lysosomes or the cell surface (van Niel et al., 
2018; Kalluri and LeBleu, 2020; Lau and Yam, 2023). The biogenesis 
process is significant for the characterization of exosomes because 
some proteins are incorporated in exosomes, which include some 
tetraspanin, lipid bilayer tetraspanin proteins such as CD9, 
CD63 and CD81 along with the intraexosomal proteins tumour 
susceptibility gene 101 (TSG101) intraexosomal proteins, the 
ALG2 interacting protein X (ALIX); however, to date, no single 
specific marker that has been discovered that can define only 
exosomes and differentiate them from microvesicles (Barile and 
Vassalli, 2017). The biogenesis and secretion of intraluminal vesicles 
are determined by a multiunit cytoplasmic system called the 
endosomal sorting complex required for transport (ESCRT), 
which modulates the plasma membrane for vesicle budding and 
microvesicular cargo sorting. 

In recent research, it has also been evident that exosomes 
produced by tumor cells can modulate the cancer's 
progression, and exosomes have also been shown to facilitate 
the metastasis of cancer to secondary organs (Chen et al., 2021). 
In lung cancer models, cancer cell exosomes can suppress the 
effect of innate immunity, resulting in suppression of immunity 
against virus infection (Gao et al., 2018). In this process of 
suppression of immunity against viral infection, the epidermal 
growth factor receptor (EGFR) carrying exosomes releases to 
host macrophages in which these EGFR carrying exosomes 

suppress the expression of type 1 interferon and interferon 
regulatory transcription factor 3 (IRF3) expression. In human 
fibroblasts, exosomes play a crucial role in removing harmful 
cytosolic D N A to maintain cellular homeostasis. However, 
artificial inhibition of exosome secretion can lead to the 
accumulation of genomic D N A in the cytoplasm. 
Subsequently, D N A sensing proteins may activate the innate 
immune response, resulting in ROS-dependent D N A damage, 
which in turn can lead to cell cycle arrest or apoptosis (Takahashi 
et a l , 2017). 

N A D P H oxidases are one of many sources of reactive oxygen 
species (ROS) in biological systems. There are seven isoforms 
( N o x l - 5 , D u o x l , Duox2) that have different tissue distribution 
within the cell or organelles. (Bedard and Krause, 2007; Mittler 
et al., 2011; Landry and Cotter, 2014; Krishnamoorthy and 
Chang, 2018; Hahner et a l , 2020; Prasad et a l , 2021). This ROS 
generation, in addition to being involved in the elimination of 
the invading pathogen, is also known to regulate several 
signaling pathways. Under conditions where ROS, such as the 
superoxide anion radical (02*~) and hydroxyl radical (HO*), are 
formed above a certain threshold that cannot be scavenged by 
enzymatic and non-enzymatic antioxidants within the cells, 
peroxidation of polyunsaturated fatty acids (PUFA's) can occur. 
This can then lead to the generation of reactive intermediates and 
products such as malondialdehyde (MDA) (Ayala et al., 2014; 
Tsikas, 2017; Pospisil et a l , 2019; Dalrymple et a l , 2022). 
Generated M D A is a well-known marker of oxidative stress and 
lipid peroxidation; however, it can also be involved in the post-
translational modification of proteins, through the addition of 
carbonyl groups (-CO) which is known as carbon carbonylation 
(Suzuki et al., 2010; Tola et al., 2021). Understanding the 
regulation and function of N A D P H oxidase is an active area of 
research because of its potential therapeutic implications. In recent 
results presented by Hervera et a l , it has been shown that 
NOX2 present in macrophage secreted exosomes was involved 
in the regulation of axonal regeneration of injured axons; 
therefore, N O X regulation may serve as potential factor in 
regenerative medicine (Hervera et al., 2018). 

Our study aims to characterize EVs isolated from U-937 and 
THP-1 cells, identification of N O X isoforms, and whether EVs 
can modulate N O X 4 and N O X 2 expression in monocytes and 
macrophages. The motivation behind the study is based on the 
fact that N O X 4 expression has been reported predominantly in 
monocytes, but it has been known to be present in 
M2 macrophages (post-inflammatory); the same is true for 
part of the population of M l macrophages (pre-inflammatory) 
that express the NOX2 complex (Bermudez et al., 2016). M l and 
M2 macrophages are two distinct phenotypes of macrophages, 
whose functional profiles represent different activation states and 
immune system functions. M l can be activated by bacterial 
lipopolysaccharide and interferon y. After activation, 
M l macrophages produce ROS and nitric oxide (NO) that 
helps in innate immunity, whereas M2 macrophages are 
activated through certain cytokines that induce collagen 
production for wound healing or tissue repair. In a recent 
study, miRNAs have been hypothesized to inhibit the 
expression of divalent metal transporter 1 in cardiomyocytes, 
thus increasing glutathione (GSH) levels and depleting ROS and 
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FIGURE 1 

Spectra of dynamic light scattering (DLS) measurements of EVs 
present in fi ltered media (FBS was fi ltered through 0.2 urn filter) (A); 
EVs isolated f r om media obtained f rom U-937 cel l culture fo l lowing 
fi ltration and centr i fugation (B) and EVs present in media 
obtained f rom U-937 cel l culture and fo l lowing fi ltration and PEG 
enr ichment (C). 

M D A formation (Zhang et al., 2022). Therefore, in addition to 
N O X expression, we also focused on protein modification and 
ROS suppression in monocytes and macrophages by co-culture 
experiments in the absence and presence of EVs. 

TABLE 1 The table shows the size distribution of particles within the 
samples measured using DLS. 

Sample name Size (nm) Pdi 

Filtered and centrifuged FBS 15.7 ± 0.3 0.43 ± 0.01 

Exosomes (centrifuged) 154.8 ± 15.2 0.308 ± 0.04 

2 Materials and methods 
2.1 Reagents and antibodies 

Cell culture medium (RPMI-1640), fetal bovine serum, and 
antibiotics [antibiotic-antimycotic solution] were purchased from 
Biosera (Nuaille, France). Phorbol 12-myristate 13-acetate (PMA), 
ascorbic acid, and polyethylene glycol 6,000 and 4-pyridyl-l-oxide-
N-tert-butylnitrone (POBN) were obtained from Sigma Aldrich (St. 
Louis, Missouri, United States of America). Rabbit polyclonal anti-
malondialdehyde (MDA) antibody and anti -NADPH oxidase 4 
(anti-NOX4), were purchased from Abeam (Cambridge, 
United Kingdom) and HRP-conjugated goat anti-rabbit antibody 
was purchased from BioRad. CD63 monoclonal antibodies, 
NOX2 polyclonal antibody, and secondary antibody (HRP-
conjugated goat anti-mouse) were obtained from Proteintech 
(GmbH Germany). Protease and phosphatase inhibitors were 
purchased from Roche (Mannheim, Germany) and Protein 
A-Agarose (sc-2001) was purchased from Santa Cruz 
Biotechnology (Heidelberg, Germany). Please refer to the 
Supplementary Material for a catalog of reagents and clones of 
antibodies. 

2.2 Cell line and growing condition 

U-937 and THP-1 cells were purchased from the American Type 
Culture Collection (ATCC; Rockville, Maryland, United States) and 
cultured in RPMI 1640 medium containing 1% antibiotic v/v and 
10% fetal bovine serum (FBS). To avoid contamination of EVs 
present in FBS, EV-depleted FBS was used. Using a 0.2 um polyether 
sulfone membrane syringe filter (VWR International, Puerto Rico, 
United States of America), particles larger than 0.2 um were 
removed (Shelke et al., 2014), and the filtrate was collected and 
measured (Shu et al., 2021) (Figure 1). Furthermore, to get rid of the 
smaller component <0.2 um (Figure 1A), centrifugation was 
performed at 21,000 x g for 3 h and the supernatant was 
collected. Following this step, the obtained FBS was used for 
further cell culture. 

2.3 Isolation of EVs from the media of 
cultured cells using centrifugation 

From the media containing cultured cells (U-937) in the log 
phase (5 days after cell passage) and with viability -90-95%, the cell 
products were harvested and subjected to centrifugation at 300 g for 
10 min at 4°C for removal of cells from the harvested media. The 
supernatant was collected and filtered through a 0.2 um polyether 

Frontiers in Cell and Developmental Biology 03 frontiersin.org 

http://frontiersin.org


Rathi et al. 10.3389/fcell.2024.1342227 

A M W B M W 

(kDa) M THP-1 U-937 ( k D a ) M THP-1 U-937 

FIGURE 2 

Ponceau staining of the nitrocellulose membrane to conf i rm the presence of proteins (A) and Western blot conf i rming the expression of 
transmembrane proteins CD63 in isolated EVs (B). 10 ug of protein isolated f rom exosomes (U-937 and THP-1) were loaded. 'M' indicates the prestained 
marker of which 5 uL was loaded. CD63 primary ant ibody (1: 2500) and HRP-conjugated Goat Ant i -Mouse secondary ant ibody (1:10,000) were used. 

sulfone membrane syringe filter and then centrifuged at 21,000 x g 
for 3 h at 4°C. After this, the supernatants were discarded, and the 
pellet was washed again at 21,000 x g (2X, 3 h) with ice-cold 
phosphate buffer saline (PBS, IX). Subsequently, the pellet was 
suspended in 250 uL of H P L C grade water. The isolated EVs were 
stored at -20°C until further processing. The same procedure was 
followed for THP-1 cells. 

2.4 Isolation of EVs by polyethylene glycol 
(PEG) precipitation 

The medium containing cultured cells and cell products was 
harvested and then centrifugation was carried out at 300 x g for 
10 min at 4°C for cell removal from the harvested medium. The 
supernatant was collected and filtered through 0.2 urn polyether 
sulfone membrane syringe filter. 50% of the PEG6000 solution was 
prepared in d/w, after which the filtrate was mixed with the PEG: 
filtrate (1: 2.5) followed by a short vortex and incubated at 4°C 
overnight to form aggregates. After overnight incubation, the PEG 
mixture was centrifuged at 13,000 g for 60 min at 4°C. The pellet was 
then washed twice with ice-cold PBS at 13,000xg. The collected 
pellet was stored at -20°C until further processing. 

2.5 Characterization of EVs using dynamic 
light scattering (DLS) spectroscopy 

To determine the size distribution of isolated particles in the 
suspension, DLS measurements were performed using a Malvern 
Zetasizer RED Pro using a detector angle of 173° (backscatter) at a 
temperature of 25°C. For sampling, 25 uL of isolated vesicles were 
diluted in 975 mL of d/w and particle size analysis was carried out 
for both EVs isolated using centrifugation (as in Section 2.3) and 
PEG enrichment (as in Section 2.4). Control measurements were 
performed using EV -free FBS. To confirm that our isolate contains 

an EV, we used a transmission electron microscope (TEM) to 
visualize the particles (data not shown). 

2.6 Protein isolation from EVs 

Based on the results obtained from the basic characterization of 
the isolated EVs, since potential aggregation was observed in EVs 
prepared using PEG enrichment (Figure 1C), further studies were 
carried out using EVs isolated using centrifugation. For protein 
isolation, EVs (in d/w) were sonicated (40% amplitude; 1 cycle for 
30 s) in ice-cold Radioimmunoprecipitation Assay (RIPA) buffer 
[150 m M NaCl, 50 m M Tris (pH 8.0), 0.5% sodium deoxycholate, 
0.1% SDS, 1% NP-40] containing 1% protease inhibitor and 
phosphatase inhibitor. Sonication was repeated 6 times with a 
30 s gap before the next sonication. EVs were kept on ice after 
each cycle of sonication. Following this step, centrifugation at 
18,400 x g was done for 30 min at 4°C to remove cell debris and 
to obtain proteins in the supernatant. 

Estimation of protein was done using Pierce bicinchoninic 
(BCA) protein estimation kit (Thermo Fisher Scientific, Paisley, 
United Kingdom). The measurement procedure used is as outlined 
in the manufacturer's guidelines with minor modifications as 
described in our previous study (Manoharan et al., 2023; Prasad 
et al., 2023). 

2.7 Anti-CD63 blotting (surface marker) for 
EVs confirmation 

Immunoblotting was performed with CD63 surface markers on 
EVs. The samples were prepared with 5 x Laemmli sample buffer 
along with 100 m M Dithiothreitol (DTT) and a protein 
concentration of 10 ug was used for electrophoresis. Prior to 
loading the samples, the protein samples were incubated at 70°C 
for 10 min in a dry bath. Subsequently, the sample was loaded onto 
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FIGURE 3 

Cell viability of U-937 cells using trypan blue test. U-937 cells 
were treated wi th PMA or at different concentrat ions of ascorbic acid 
(5 uM and 10 uM) in the absence and presence of exogenous EVs. Cell 
viabilities were expressed as a percentage at 24 h (A) and 72 h (B) 
after treatment. Data are presented as mean value of biological 
replicates (n = 2). 

10% Tricine SDS-PAGE. The proteins were then transferred to 
either PVDF membrane (Bio-Rad, California, United States of 
America) which was charged prior with methanol or 
nitrocellulose membrane. The protein transfer to the membrane 
was achieved using the Trans-Blot Turbo transfer system (Bio-Rad, 
California, United States). Following the transfer, to ensure that the 
loading of protein samples is uniform (loading control), Ponceau 
staining (0.1% Ponceau S: 1% acetic acid, w: v; diluted to 100 mL d/ 
w) was done. After washing, the membrane was blocked with 5% 
BSA in Tris-buffered saline (TBS) (pH 7.4) and 0.1% Tween 20 
(referred to as TBST) for 90 min at room temperature (RT). After 
blocking, washing with TBST (3x) was done for 10 min each. The 
blocked membranes were then incubated for 90 min at RT with anti-
CD63 mouse monoclonal antibody (dilution 1: 5000) followed by 3x 
washing (10 min each) with TBST. Subsequently, the membrane was 
incubated for another 90 min at RT with HRP-conjugated goat 

anti-mouse secondary antibody (dilution 1:10,000) and washed with 
TBST (3x, 10 min each). Immunocomplexes were imaged using the 
Amersham imager 600 (GE Healthcare, United Kingdom) and 
Immobilon Western Chemiluminescent HRP Substrate (Sigma 
Aldrich, GmbH, Germany). 

2.8 Co-culture of U-937 cells with 
differentiating agents and EVs 

Co-culture experimental setups were made. For the setting of the 
plates, U-937 and THP-1 controls with differentiating agents 
[250 n M or 150 n M P M A and ascorbic acid (5 u M and 10 uM)] 
were prepared. For the experimental sample, cells ( lx l0 5 /mL) under 
the above conditions (PMA or ascorbic acid) were cultured in the 
presence of exogenous EVs (20 uL, the same isolates were used for all 
experiments within the setup). Cells were treated with P M A / 
ascorbic acid for 72 h (for monocyte to macrophage 
differentiation) in a 6 well plate and isolated EVs (section 2.3) 
were added at the start of the treatment. Cell viability at 24h and 72 h 
were monitored using the trypan blue test to follow cell proliferation 
and effect of EVs and/or differentiating agents. For protein isolation, 
5 mL of non-treated and treated cells were used, and quantification 
was done based on the method described in Section 2.6. Following 
quantification, 10 ug protein sample/lane was used for 
immunoblotting. 

2.9 Western blot analysis 

Immunoblotting was performed against NOX4 and NOX2. 
Until the blocking of membranes, the procedure as described in 
Section 2.8 was followed. The blocked membranes were then 
incubated for 90 min at room temperature (RT) with either anti-
NOX4 rabbit monoclonal antibody (dilution 1:5000) or anti-NOX2 
mice polyclonal antibody followed by 3x washing (10 min each) with 
TBST. Subsequently, the membranes were incubated for another 
90 min at RT with HRP-conjugated goat anti-rabbit secondary 
antibody and HRP-conjugated goat anti-mice secondary 
antibody, respectively (dilution 1:10,000) and washed with TBST 
(3x, 10 min each). Immunocomplexes were imaged using the 
procedures described in Section 2.7. 

To confirm MDA-protein adduct formation, nitrocellulose 
membranes transferred with M D A adduct proteins were 
incubated with rabbit polyclonal anti-malondialdehyde antibody 
prepared at a dilution of 1:5000 in TBST and incubated for 90 min at 
RT. Following three washes with TBST, the membranes were 
incubated with horseradish peroxidase (HRP) conjugated anti-
rabbit secondary antibody (1:10,000) for 90 min at RT. The blots 
were imaged as described above. 

2.10 EPR spin-trapping spectroscopy 

Chemically generated H O * using Fenton reagent was detected 
by spin-trapping with 10 m M P O B N (4-pyridyl-l-oxide-N-tert-
butylnitrone) containing 170 m M ethanol. The measurements 
were performed using an electron paramagnetic resonance 

Frontiers in Cell and Developmental Biology 05 frontiersin.org 

http://frontiersin.org


Rathi et al. 10.3389/fcel l .2024.1342227 

A (U-937) 

AA (|iM) 
PMA (nM) 
Exosome 

10 

h 

10 
250 250 

IMOX4 (67 kDa) 

B (THP-1) 

AA (nM) 
PMA (nM) 
Exosome 

f 
10 

h 

10 
150 150 

NOX4 (67 kDa) 

FIGURE 4 

Analysis of NOX4 protein expression in U-937 cells (A) and THP-1 cells (B). Cont ro l (a) and proteins isolated f rom EVs co-cu l tu red wi th cells (c). In b 
and d, U-937 and THP-1 cells were differentiated using 250 nM PMA and 150 nM PMA, respectively, in the absence and presence of EVs. In lanes e and g, 
differentiation was induced using 5 uM in the absence and presence of EVs, respectively, while in lanes f and h, 10 uM ascorbic acid was used. The 
densitometr ic quantif ication of NOX4 expression is presented in the lower panel of the figure. 

spectrometer (MiniScope MS400, Magnettech GmbH, Berlin, 
Germany) (Pou et al., 1994). Experiments were carried out in 
the absence and presence of different concentrations of EVs 
isolated from U-937 cells resuspended in H P L C grade water. 
EPR spectra were recorded under the following parameters: 
microwave power (10 mW), modulation amplitude (1G), 
modulation frequency (100 kHz), sweep width (100 G), scan 
rate (1.62 G s"1). 

3 Results and discussion 
3.1 C h a r a c t e r i z a t i o n of EVs us ing DLS 

Using the dynamic light scattering method, we measured the mean 
Z-average (mean hydrodynamic size) of the sample obtained by 
centrifugation from U-937 cells. For the control (filtered and 
centrifuged FBS), the Z-average was recorded to be 15.7 nm. More 
than one peak with a polydispersity index of 0.43 was observed 

(Figure 1A; Table 1). It can be seen that in the sample isolated by 
centrifugation based on the method described by Shelke and co-workers 
(with minor modifications) (Shelke et al., 2014), a Z-average of 
-154.8 nm was observed with a standard deviation of about 15.2 nm 
and a polydispersity index of 0.30 (Figure IB; Table 1). The presence of 
multiple peaks in the case of PEG samples can be attributed to the 
centrifugation, aggregation, and orientation of the vesicle (Figure 1C) 
(Genneback et al., 2013). As the sample acquired by the centrifugation 
method includes EVs falling within the 30-200 nm range and exhibits 
the presence of the CD63 marker, it is a likelihood that the isolates may 
be classified as exosome particles. However, we are uncertain due to a 
lack of understanding about their origin. 

3.2 Identif ication of extracel lu lar markers 
spec i f ic for vesicles 

In order to confirm the presence of EVs in the isolated fractions, 
Western blotting was performed to identify the expression of 

Frontiers in Cell and Developmenta l Biology 06 front iersin.org 

http://frontiersin.org


Rath i et a I. 10.3389/fcell.2024.1342227 

A (U-937) 

AA (nM) 
PMA(nM) 
Exosome 

< NOX2 (65 kDa) 

B (THP-1) 

AA(nM) 
PMA(nM) 
Exosome 

NOX2(65 kDa) 

FIGURE 5 

Analysis of catalytic subunit NOX2 of NADPH oxidase in U-937 cells (A) and THP-1 cells (B). Cont ro l (a) and proteins isolated f rom EVs co-cu l tured 
wi th U-937 cells (c). In b and d, U-937 and THP-1 cells were differentiated using 250 nM PMAand 150 nM PMA, respectively, in the absence and presence 
of EVs. In lanes e and f, differentiation was induced using 5 uM in the absence and presence of EVs, respectively, whi le in lanes f and h, 10 uM ascorbic acid 
was used. The densitometr ic quanti f icat ion of NOX2 expression is presented in the lower panel wi thin the figure. 

exosomal protein markers. CD63 is a 30-60 kDa lysosomal 
membrane protein that is composed of four alpha-helical 
transmembrane domains with two extracellular loops (Jung et al., 
2006; Gonzalez et al., 2014). Both the N - and the C-terminus point 
toward the inside of EVs. In EVs, several tetraspanins, especially 
CD63, CD81, and CD9, have been used as markers of EVs for the last 
2 decades. In our study, endogenous CD63 was monitored as a 
surface marker for EVs (Kim et al., 2019; Mathieu et al., 2021). 
Proteins were extracted using the procedure outlined in Section 2.6 
from EVs obtained through centrifugation. Our immunoblotting 
analysis revealed a single band with a molecular weight of 
approximately 60 kDa (Figure 2 and Supplementary Data S2) in 
U-937 and THP-1 cells. The band at 60 kDa is most likely due to 
post-translational modifications (glycosylation of CD63 protein) 
(Engering et al., 2003). Bands at different positions in the range 
30 kDa-85 kDa have been reported which can be due to multiple 
reasons such as but not limited to post-translational modifications 
and proteolytic cleavage, and other experimental factors (Engering 
et al., 2003). 

3.3 Co-culture of monocytes with EVs 
during differentiation induction 

Cells were treated with differentiation inducers in the absence 
and presence of EVs (Figure 3). In order to evaluate whether the 
addition of differentiation inducers led to a change in cell viability of 
U-937 cells, the trypan blue test was performed in all experimental 
samples at 24 h and 72 h, including those treated with EVs. In the 
control (no differentiation agent + no EVs), a viability percentage of 
90% and 80% were observed at 24 h and 72 h, respectively. In P M A -
differentiated specimens, the recorded viability was 86.5% at 24 h 
and increased to 95% at 72 h. On the contrary, in samples treated 
with ascorbic acid, viability remained consistently in the same range, 
exceeding 80% at various concentrations (5 u M and 10 uM). In EVs 
treated samples differentiated using P M A , 88% viability was 
observed at 24 h and 94% at 72 h was recorded. Similarly, in EVs 
treated samples differentiated using ascorbic acid, it was recorded to 
be in the same range and maintained above 80% at different 
concentrations (5 u M and 10 uM); the details have been 
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Protein MDA adducts formed in U-937 (A) and THP-1 cells (B) treated wi th different inducers. The blot illustrates protein modif icat ion in cells that 
were differentiated for 72 h, visualized using ant i -MDA antibody. Lane a shows the cont ro l and lane b shows the proteins isolated f rom EVs co-cu l tured 
wi th cells. In lanes c and e, differentiation was induced using 5 uM in the absence and presence of EVs, respectively, while in d and f, 10 uM ascorbic acid 
was used. 

presented in the form of Table (Supplementary Data S3). On the 
basis of this dataset, it can be concluded that neither exogenous 
addition of differentiation agents (either P M A or ascorbic acid) nor 
supplementation of EVs led to any stress leading to alterations in cell 
proliferation and viability. 

3.4 NOX4 and NOX2 expression in 
monocytes and macrophages 

Based on immunoblotting using NOX4 antibody, we monitored 
its expression at 67 kDa. In a non-differentiated control, a visible 
expression of NOX4 can be observed, which is typical for 
monocytes, as monocytes are well known to express this isoform. 
In differentiated controls [either P M A or ascorbic acid (5 u M and 
10 uM)], the expression of NOX4 is slightly suppressed in all cases 

except for 10 u M ascorbic acid, which can be hypothesized based on 
the fact that NOX4 expression is not a characteristic of 
macrophages. However, under the condition where the EVs are 
present along with cells, no influence on NOX4 expression is evident 
compared to the control. Interestingly, in differentiated cells 
supplemented with EVs for 72 h, a strong suppression of 
NOX4 expression is evident (especially in ascorbic acid 
differentiated cells and U-937 cells), which can be hypothesized 
that when monocytes are transformed to macrophages, 
NOX4 expression might have been regulated by microRNA 
(miRNA) (Figure 4). Interestingly, NOX2 expression was found 
to be only suppressed in macrophages co-cultured with EVs, 
predominantly in U-937, while in THP-1 cells, no significant 
suppression was observed (Figure 5). In monocytes co-cultured 
with EV, an increase in NOX2 expression was observed 
[Figure 5A (lane c) and Figure 5B (lane c)]. 
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In THP-1 cells, we validated our findings using 
immunoprecipitation of NOX2 using NOX2 antibody and 
protein A agarose beads. NOX2 expression was found to be 
significantly suppressed in EVs co-cultured macrophages 
(Supplementary Data S7). We also observed a decrease in overall 
M D A formation in EVs treated macrophages (Figure 6), which 
agrees with previous reports (Song et al., 2015; Song et al., 2021). 

It can be seen that in the sample that did not contain a Fenton 
reagent (negative control), a relative signal intensity of about 
-800 was observed. Chemically generated H O * using Fenton 
reagent (0.1 u M FeS0 4 and 2 m M H 2 0 2 ) led to a high signal 
intensity reflecting the formation of a-hydroxyethyl radical 
adduct of P O B N [ P O B N - C H ( C H 3 ) O H adduct] (Figure 7A). 
The intensity of the EPR signal was found to be significantly 
and linearly suppressed with the exogenous addition of EVs in a 
dose-dependent manner (Figures 7B, C). The addition of EVs 
suppressed the signal by up to almost 90%, indicating the 
antioxidant capacity of the EVs. EVs specifically exosomes 
mitigate oxidative stress in recipient cells by directly 
delivering the enzymatic antioxidant [GSH, 
superoxidedismutasel (SOD1), thioredoxinreductasel (TrxRl), 
methioredoxin reductase (TrxR2) and glutathione peroxidase, 
among others] or antioxidative enzyme m R N A that later 
translates aiding to prevention of oxidative stress (Yan et al., 
2017; Lin et al., 2022). EVs therapy therefore can be contemplated 
as an emerging and promising area of regenerative medicine 
(Muthu et a l , 2021; Thakur et a l , 2022). EVs through the transfer 
of cargo to recipient cells can influence cellular functions and 
therefore, exosomes isolated from different sources can 
specifically be chosen to target different therapeutic 
applications. It has been applied in regenerative medicine to 
promote tissue repairs, in neurological disorders such as 
Alzheimer's and Parkinson's disease, in cancer therapy, among 
others (Gao et a l , 2021; Zhang et a l , 2023). 

4 Conclusion 

In our study, monocyte-derived EVs suppressed NOX4 and 
NOX2 expression in differentiated macrophages, indicating a 
regulation of N A D P H oxidase expression in cells supplemented 
with EVs from monocytes; the regulation is supposedly at the 
transcription or translation level. The addition of EVs led to 
suppression of lipid peroxidation and eventually led to a lower 
protein modification, which is consistent with recent reports that 
claim EVs as carriers of antioxidants. Based on the study, EVs can be 
claimed as a good candidate for therapeutic application in diseases 
associated with oxidative stress. Typically, the administration of 
antioxidants in cells is mediated through liposomes preparation. In 
the case of EVs therapy, this challenge can be easily overcome, as the 
uptake by cells should be much more efficient. 
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Level of HO suppression using EPR spin-trapping spectroscopy. 
Fenton reagent induced POBN (4 -py r idy l - l -ox ide-N- te r t -
buty ln i t rone)-CH(CH 3 )OH adduct EPR spectra were measured in the 
absence and presence of variable concentrat ions of EVs isolated 
f rom U-937 cel l culture. The upper panel (A) shows the EPR spectra in 
controls (absence and presence of Fenton reagent), and the lower 
panel (B) shows the EPR spectra in the presence of Fenton reagent and 
EVs. In (C), the data are presented as the mean and standard deviation 
of three measurements. 

3.5 Crosstalk between EVs and 
oxidative stress 

We measured the suppression of ROS under the exogenous 
addition of EVs on chemically generated H O * . The intensity of 
the EPR signal was observed in the control samples (Figure 7A). 
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Supplementary data 2 (replicate of Figure 2) 



Supplementary data 3 

Condition (24h) total cells/mL viable cells/mL viability% total cells/mL viable cells/mL viabi 1 ity% 

U937 350000 311000 89 144000 133000 92 

U937+PMA 1130000 977000 87 411000 355000 86 

U937+Exosome 2140000 1640000 77 422000 389000 92 

U937+PMA+Exosome 3400000 2930000 86 511000 461000 90 

U937+5U.M A A 1270000 1190000 94 417000 383000 92 

11937+IOLLM A A 1730000 1640000 95 1620000 1550000 96 

U937+5U.M AA+ Exosome 7080000 4450000 91 3770000 3190000 85 

U937+10U.M A A + Exosome 7410000 6220000 84 328000 294000 90 

Condition (48h) total cells/mL viable cells/mL viability% total cells/mL viable cells/mL viability% 

U937 1060000 794000 75 528000 450000 85 

U937+PMA 1280000 1190000 96 761000 716000 94 

U937+Exosome 816000 744000 91 939000 883000 94 

U937+PMA+Exosome 361000 339000 94 372000 350000 94 

U937+5U.M A A 744000 666000 90 3380000 3210000 95 

U937+10uM A A 722000 489000 68 2070000 1990000 96 

U937+5U.IV1 AA+ Exosome 1790000 1520000 85 1360000 1280000 94 

11937+IOLIM A A + Exosome 994000 950000 96 1430000 1330000 93 



Supplementary data 4- original blot (Figure 4) 
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Supplementary data 5- original blot (Figure 5) 

A (U-937) 
a b c d e f g h 

AA(uM) - - - - 5 10 5 10 
PMA(nM) - 250 - 250 - - - -
Exosome - - + + - - + + 

NOX2, ~65 kDa 

B (THP-1) 

MW 

180 
140 
100 
75 
60 
45 

35 

AA (uM) 
PMA(nM) 
Exosome 
H M 

f 

10 

g 

5 
150 - 150 

+ + 

h 

10 

NOX2, ~65 kDa 



Supplementary data 6- replicate of Figure 5 
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Supplementary data 7 

Workflow: 

• Protein extraction (as described in manuscript) 
• 10 u.g protein lysate per variant taken for immunoprecipitation 
• Primary antibody (0.25u.g, anti-NOX2 antibody)/ sample variant 
• Protein lysate and antibody incubated with gentle rocking at 4 ° C overnight. 
• Protein A bound to beads (50 u.1 /mL of cell lysate) added and incubated for 2 hours at 4°C with gentle shaking. 
• Washing the beads at 3,000 g for 2 min at 4°C with 1 mL of pre-cooled TBS (collect pellet) (3x). 
• Re-suspended in 75ui Tris-buffer saline. 
• 25 u.L SDS Sample Buffer added; vortex and then centrifuged for 30 s (5000 rpm). 
• Sample heated to 100°C for 5 minutes. 
• Centrifugation at 10,000 rpm for 2 min. 
• Supernatant collected (contains protein of interest) followed by SDS and western blotting. 
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Supplementary data 9 
Chemicals and antibodies: 
Ponceau S, Sigma Aldr ich (P3504) 
Trypan blue, Sigma Aldr ich (T6146) 
R P M I 1640 w/ stable Glutamine - Biosera (LM-R1639) 
Fetal Bovine Serum Qualified - Biosera (FB-1090) 
Penicillin-Streptomycin-Glutamine Solution 100X - Serana (RAL-001) 
Anti-Malondialdehyde polyclonal antibody, Abeam (ab27642) 
Goat Anti-Rabbit IgG (H+L)-HRP Conjugate BioRad (1721019) 
N O X 4 - Monoclonal antibody ab 133303 (Abeam) 
N O X 2 Polyclonal antibody 19013-1-AP (Proteintech) 
CD63 Monoclonal antibody (67605-1-Ig) (Proteintech) 
C D 9 Monoclonal antibody Proteintech (60232-1-Ig) 
HRP-conjugated Affinipure Goat Anti-Mouse IgG(H+L) (SA00001-1) 
PageRuler Prestained protein ladder- Thermoscientific (26616) 
PageRuler Prestained protein ladder-Thermoscientific (26619) 
Prestained protein marker - Proteintech (PL00001) 
Protein A-Agarose- Santa Cruz Biotechnology (sc-2001) 
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A R T I C L E I N F O A B S T R A C T 

Keywords: In this study, we investigated the properties of ascorbic acid (vitamin C), which is a naturally occurring water-
Vitamin C soluble vitamin. Our goal is to evaluate its pro-oxidative and/or antioxidant capabilities. To do this, we initially 
Reactive oxygen species u g e d a c o n f o c a i i a s e r s c a n n j n g microscope (CLSM) to visualize the differentiation pattern in U-937 cells under the 

^ treatment of variable concentrations of ascorbic acid. Prior to induction, U-937 cells showed a spherical 
Pro oxidant morphology. After treatment, significant morphological changes were observed in the form of prominent 

pseudopodia and amoeboid structures. Interestingly, pseudopodia incidences increased with an increase in 
ascorbic acid concentrations. In addition, our analysis of protein modification using anti-malondialdehyde an­
tibodies showed changes in more than one protein. The findings reveal the link between the differentiation of U-
937 cells into macrophages and the protein modifications triggered by the production of reactive oxygen species 
when U-937 cells are exposed to ascorbic acid. Furthermore, the transformation of ascorbic acid from a pro-
oxidative to an antioxidant property is also demonstrated. 

1. Introduction 

Ascorbic acid (vitamin C) is a natural water-soluble vi tamin and a 
potent reducing and antioxidant agent [ 1 - 3 ] . It functions in fighting 
bacterial infections, in detoxification, and, in the formation of collagen 
in fibrous tissue, teeth, bones, connective tissue, skin, and capillaries, 
besides absorption of iron [ 4 , 5 ] . Since it is obtained from food and 
available through a wide range of supplements, severe deficiency caused 
by ascorbic acid is rather rare. In unusual cases, it can lead to conditions 
such as weakness, fatigue, joint and muscle aches, and bleeding gums, 
which are also symptoms associated wi th scurvy [ 6 ] . 

Ascorbic acid is a powerful antioxidant and helps to protect the body 
from the harmful effects of free radicals [ 7 ] Besides this, ascorbic acid is 
essential for the synthesis of collagen, helps in stimulating the produc­
tion of white blood cells, iron absorption, synthesis of neurotransmitters. 
It also acts as natural antihistamines and promotes the formation of 
connective tissues [ 8 - 1 2 ] . Free radicals or reactive oxygen species (ROS) 
are unstable molecules that can damage cells and are associated wi th the 

development of chronic diseases such as cancer, heart diseases, and 
Alzheimer's disease [ 1 3 - 1 7 ] . Ascorbic acid, as an antioxidant, neutral­
izes free radicals by providing electrons to stabilize them, thus reducing 
their ability to cause cell damage [ 1 , 2 ] . It also helps regenerate other 
antioxidants, such as vi tamin E, and further improves antioxidant 
properties [ 1 8 , 1 9 ] . It is also known for its anti-inflammatory effect; it is 
important to note that the body can absorb only l imited amount of 
ascorbic acid at a time and that excessive amounts are excreted in the 
urine. Ascorbic acid supplements are usually safe, but excessive intake 
can cause side effects such as diarrhea, nausea, and stomach cramps. 

Ascorbate (/ascorbate anion) can induce the transformation of F e 3 + 

into F e 2 + , which can lead to the formation of the hydroxyl radical (HO*) 
in the cytoplasmic pool. Due to this property, ascorbate (/ascorbate 
anion) can also act as a pro-oxidant. Addit ional ly , the oxidation of 
ascorbate results in the generation of the ascorbyl radical (AH*) v ia 
monodehydroascorbate radical ( A * ) [ 2 0 , 2 1 ] . Hence, it is essential to 
approach hypothesis formulation w i t h utmost care to ascertain whether 
the experimentally obtained results stem directly from ascorbate or ROS 

Abbreviations: AA, ascorbic acid; ROS, reactive oxygen species; CLSM, confocai laser scanning microscopy; PMA, phorbol 12-myristate 13-acetate; RIP A, radi-
oimmunoprecipitation assay buffer. 
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during cell supplementation. 
In the current study, we aimed to evaluate the pro-oxidant and 

antioxidant capabilities of ascorbic acid. We have used the U-937 cell 
line, which is a pro-monocytic myeloid leukemia cell l ine of human 
origin [ 2 2 ] . Under in vitro conditions, an unlimited number of uniform 
cells can be prepared from U-937 cells [ 2 3 ] . These leukemia cells bear 
the t(10; l l ) ( p l 3 ; q l 4 ) translocation, which results in a fusion between 
the M L L T 1 0 (myeloid/ lymphoid or mixed-lineage leukemia) gene and 
the Ap-3-l ike clathrin assembly protein P I C A L M (clathrin assembly 
lymphoid myeloid leukemia), which is l ikely important for the tumorous 
nature of the cell l ine [ 2 4 ] . We investigated the relationship of ROS 
production under the effects of variable concentrations/the length of 
incubation of ascorbic acid. When the immune reactions are activated, 
monocytes migrate to different tissues and organs wi th in the body. After 
reaching the target, depending on the specific signals from local 
micro-environments, they can be differentiated into diverse types of 
cells. One of the principal cell types which can be differentiated from 
monocytes are the macrophages. The monocyte-to-macrophage differ­
entiation process involves several phases: Upon accessing the target 
tissue, monocytes are exposed to cytokines/chemokines which are 
secreted by the neighbouring cells. Fol lowing this, signalling pathways 
within the monocytes are initiated leading to changes in gene expres­
sion/cellular morphology, which is also a typical characteristic of 
macrophages. Macrophages acquire enlarged morphology wi th 
increased capacity for phagocytosis. Addit ional ly , it has been known 
that the gene expression profile shifts to support macrophage-specific 
functions such as the generation of inflammatory mediators and the 
potential for antigen presentation. 

Visualization of differentiation under induction was accomplished 
uti l izing confocal laser scanning microscopy (CLSM). Interestingly, it 
has been shown that ascorbic acid has the potential as a differentiation 
agent, i.e., unspecialized cells become specialized in different types of 
cells wi th specific functions. Research shows that ascorbic acid can 
induce differentiation in various types of cells, including stem cells, 
cancerous cells, and immune cells [ 2 5 , 2 6 ] . In immune cells, ascorbic 
acid has been shown to improve the differentiation and function of 
certain types of immune cells, including T cells and dendritic cells. 
Overall , the ability of ascorbic acid to induce differentiation in different 
types of cells is an interesting field of research for potential therapeutic 
applications. Thus, instead of inducing differentiation using another 
chemical stimulant, we evaluated the dependence and relation of three 
parameters: differentiation induction of monocytes to macrophages i n 
U-937, pro-oxidant concentration, and antioxidant concentration of 
ascorbic acid. Furthermore, protein immunoblotting was used to un­
derstand protein modification. Our results show a correlation between 
the differentiation of U-937 cells into macrophages and protein modi­
fication under the effect of generated ROS. 

2. Materials and methods 

2.1. Chemicals and antibodies 

For blotting, a polyclonal anti-malondialdehyde (anti-MDA) anti­
body suitable for the measurement of M D A was used. The primary 
antibody was purchased from Abeam (Cambridge, CB2 OAX, UK) [Anti-
Malondialdehyde antibody (ab27642)]; C D l l b Monoclonal Antibody-
FITC from eBioscience™ (ThermoFischer Scientific, USA) and second­
ary antibody was purchased from Bio-Rad (Hercules, C A , USA) [Goat 
Anti-Rabbit IgG-HRP Conjugate (1706515)]. Cel l culture medium, an­
tibiotics, and inhibitors used were from Biosera (Nuaille, France) and 
Roche (Mannheim, Germany). 

2.2. Ceil line and growing condition 

The U-937 cell l ine is a human pro-monocytic myeloid leukemia cell 
line [ 2 2 ] obtained from the American Type Culture Collection (ATCC; 
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Rockville, M D , USA). The TC20 automated cell counter (Bio-Rad Labo­
ratories, Hercules, C A , United States) was used to determine cell density 
and was monitored using 0.25 % trypan blue dye. Experiments were 
performed when viabi l i ty was close to or above 70 %. To growth me­
d i u m (RPMI-1640) pre-supplemented w i t h 0.05 m M L-glutamine were 
added 10 % fetal bovine serum (FBS) and 1 % of the antibiotics (peni­
c i l l in and streptomycin) in v / v ratio. 

2.3. Induction of differentiation 

The differentiation of U-937 cells was studied under ascorbic acid 
concentrations ranging from 0.1 to 10 \iM. Culture medium w i t h 1x10 s 

cell suspension/mL was supplemented wi th ascorbic acid at the f inal 
concentration of either 0.1 \iM, 1 \iM, 5 |iM or 10 |iM for 72h, and fol­
lowed by a resting phase of 24 h to achieve cell adhesion and express 
macrophage characteristic cytokine expression. For validation, we also 
employed a widely recognized differentiation inducer, phorbol 12-myr-
istate 13-acetate (PMA) (Sigma A l d r i c h , St. Louis, Missouri , United 
States) at f inal concentrations of 150 and 250 n M . The t iming of the 
induction protocol was deduced from our pilot experiments focusing on 
U-937 cell differentiation stages in relation to ascorbic acid treatment. 

2.4. Cell viability assay 

The TC20 automated cell counter was used to determine the cell 
viabil i ty (expressed as total cell counts m L _ 1 ) after incubation of U-937 
cells wi th 0.25 % trypan blue in a ratio of 4:1 for approximately 2 min. 
Trypan blue is used to determine the ratio of l iv ing and dead cells in a 
cell suspension, and it is because the dye enters only dead cells and 
stains them blue, whi le l ive cells have intact cell membranes and remain 
bright and unstained [ 2 7 ] . In our experimental condition, cell density 
and viabi l i ty were measured after treatment of U-937 cells wi th ascorbic 
acid for 72 h and fol lowing the 24 h resting period. The data obtained 
are presented in Fig. 1. 

2.5. Confocal laser scanning microscopy 

A Fluorview 1000 confocal unit attached to the 1X80 microscope was 
used to image U-937 cells on glass slides (Olympus Czech Group, Prague, 
Czech Republic). Staining wi th FM4-64 (15 \iM, RT), which is a l ipo­
philic dye was used to monitor cell membrane integrity, and Hoechst 
33342 (2 \iM, RT) was used to visualize the nucleus under the experi­
mental conditions mentioned. FM4-64 excitation was done using a 543 
n m H e - N e laser and its emission was recorded in the range of 655-755 
nm. The cells were co-stained w i t h FM4-64 and Hoechst 33342 [Sigma 
Aldr ich G m b H (Germany)]. Fol lowing an incubation of 5 m i n , the cells 
were transferred to a glass slide for visualization. For immunohisto-
chemistry, after treatments wi th 5 \iM and 10 \iM ascorbic acid for 48 h , 
the culture medium was removed from the culture plates, and 3.5 % 
paraformaldehyde was added for cell fixation for 30 min. The cells were 
then washed three times wi th phosphate buffered saline containing 0.1 
% Tween-20 (PBST) for 5 m i n each. 

Afterward, the fixed cells were blocked wi th 0.5 % BSA in phosphate 
buffered saline (PBS) for 30 min at room temperature (RT). Subse­
quently, the blocked samples were probed wi th C D l l b Monoclonal 
Antibody-FITC (dilution 1:2500) for 60 min at RT, followed by three 
washes wi th PBS (5 min each) and Immunofluorescence was measured 
using excitation achieved by a 488 n m line of an argon laser, and the 
signal was detected by a 505-550 n m emission filter. 

2.6. Protein immunoblotting 

Ascorbic acid (72 h , 0.1-10 M M ) or P M A (72 h , 150 and 250 nM) pre-
treated U-937 cells were incubated in serum-free medium for 24 h 
(resting time), cells were then collected by centrifugation and washed 
with phosphate buffer saline (PBS) (pH 7.4) twice. Fol lowing this step, 

2 
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3. Results 
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Fig. 1. Cell viability of U-937 cells. U-937 cells at different concentrations of 
ascorbic acid (0.1 |iM, 1 |iM, 5 |iM and 10 |iM). The data are presented as the 
mean value (±SE) of biological replicates (n = 2). 

3.1. Cell viability using the trypan blue exclusion test 

Quantitative estimation of viable cells exposed to varying concen­
trations of ascorbic acid in U-937 cells was carried out using trypan blue. 
U-937 cells were treated for 72 h followed by a 24 h of resting period. In 
Fig. 1A, the gray bar indicates the total cell count, whi le the green bar 
indicates the number of l ive cells wi th in the population (SE, n = 2), 
while Fig. IB indicates the cell viabi l i ty after the resting period. From 
Fig. 1, it is evident that cell viabi l i ty under different concentrations used 
in the experiments is more than 80 % w i t h ascorbic acid treatment. 
There was a minor/negligible effect noticed in comparison to the control 
at different concentrations. Therefore, it is considered that the cells are 
metabolically active in response to the treatments. 

3.2. Cell differentiation induced by ascorbic acid and various inducers 

Visual changes were monitored 72 h after the addition of ascorbic 
acid using a confocal laser scanning microscope. Cel l morphology was 
altered after 72 h of incubation wi th doses of ascorbic acid. When 
exposed to various differentiation inducers such as P M A , dimethyl 
sulfoxide (DMSO), retinoic acid, Z n 2 + , 12-0-tetradecanoylphorbol-13-
acetate (TPA), and low concentrations of glutamine, pro-monocytic 
cells tend to undergo maturation into monocytes or macrophages. To 
confirm whether the cellular integrity of the U-937 cells under the 
experimental conditions does not lead to damage of cells, FM4-64 which 
is a l ipophil ic styryl compound, and Hoechst 33342 were used. It can be 
observed that in U-937 cells treated wi th variable concentration of 
ascorbic acid (Fig. 2), no obvious cell damage occurred, and cellular 
integrity (red fluorescence) and nuclear integrity (blue fluorescence) 
were maintained under a l l conditions. Differentiated U-937 cells have 
distinct extensions bearing amoeboid morphology. Before the treatment, 
the cell morphology exhibited a clear, spherical structure, whereas, after 
treatment, significant morphological alterations can be observed in the 
form of prominent pseudopodia, the incidence of which can be seen to 
be higher wi th increasing concentration of ascorbic acid from 0.1 LLM 
unti l 5 L LM . A reduction in these morphological structures was observed 
at higher concentrations of ascorbic acid (10 LLM) (Fig. 2). 

cells were sonicated in RIPA lysis buffer [150 m M N a C l , 50 m M Tris (pH 
8.0), 0 . 5 % sodium deoxycholate, 0.1 % S D S , 1 % N P - 4 0 ] containing 1 % 
(v/v) protease and phosphatase inhibitor. The processed homogenate 
was centrifuged at 14,000 rpm (30 min , 4 °C) and the collected super­
natant fraction was quantified using a Pierce B C A protein estimation kit 
(Thermo Fisher Scientific, Paisley, U K ) . 

For ant i -MDA blotting, samples were prepared wi th 5x Laemmli 
sample buffer along w i t h 100 m M Dithiothreitol (DTT); and a protein 
concentration of 10 Lig/lane was used for electrophoresis. The protein 
samples were then boiled for 10 min at 70 ° C The proteins were 
seperated on 10% SDS gels and then transferred to nitrocellulose 
membranes using the Trans-Blot Turbo transfer system (Bio-Rad, Cal i ­
fornia, USA). The nitrocellulose membranes were then blocked for 90 
min at room temperature (RT) wi th 5 % BSA in tris-buffered saline (TBS) 
(pH 7.4) and 0.1 % Tween 20 (referred to as TBST). The blocked 
membranes were probed for 90 min at RT w i t h ant i -MDA antibody 
(dilution 1: 5000) followed by 3 X washing (10 min each) wi th TBST; 
incubated for another 90 min at RT w i t h HRP-conjugated goat anti-
rabbit secondary antibody (dilution 1:10000). Fol lowing 3 steps of 
TBST (10 m i n each), immunocomplexes were imaged using the Amer-
sham imager 600 and Immobilon Western Chemiluminescent HRP 
Substrate (Sigma Aldr ich , G m b H , Germany) (GE Healthcare, UK) . 

3.3. Expression of cell surface marker CDllb 

To confirm the differentiation of pro-monocytic cells into macro­
phages, we tracked the expression of the C D l l b surface marker. As 
shown in the results (Fig. 3), it is evident that in untreated U-937 cells, 
the surface marker expression is minimal . However, in cells treated wi th 
ascorbic acid (at 5 and 10 LLM concentrations), FITC fluorescence is 
visibly present under both treatment conditions. 

3.4. Effect of ascorbic acid in U-937 cells and associated protein 
modification 

Protein modification occurs when M D A , a reactive aldehyde com­
pound, reacts wi th amino acid residues of proteins, resulting i n the 
formation of MDA-prote in adducts. This is often used as a marker of 
oxidative stress and l ip id peroxidation in cells and tissues. Whole-cell 
homogenate from U-937 cells treated wi th P M A and ascorbic acid 
separated using SDS-PAGE followed by immunoblotting using anti-
malondialdehyde (anti-MDA) antibody showed modification of more 
than one protein. In PMA-treated U-937 cells, the formation of M D A is 
most pronounced as displayed by protein bands at approximately 40 kDa 
(Fig. 4A) which is also evident from the densitogram presented in 
Fig. 4B. In ascorbic acid treated U-937 cells, the formation of M D A is 
most pronounced in the protein bands at approximately 20 kDa and 40 
kDa, and this effect becomes more prominent wi th increasing concen­
trations of ascorbic acid (Fig. 5A and Supplementary data 1). A 
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Fig. 2. Double staining using Hoechst 33342 and FM4-64 in 72 h differentiated U-937 cells. Differentiation was induced using variable concentrations of ascorbic 
acid (0.1-10 |iM). Images were captured in various channels at a magnification of 1000 x after staining for 5 min (from left to right are Nomarski DIC, FM4-64 and 
Hoechst 33342). For each variant, the presented images represent several scans conducted on both biological and technical replicates. 

consistent and linear increase in band intensity at this molecular weight 
range is observed in treated cells, especially wi th 1 p:M and 5 p:M 
ascorbic acid, as indicated in the densitogram shown in Fig. 5B. Notably, 
in cells differentiated wi th 10 \iM ascorbic acid, a sudden decline in band 
intensity is evident. We confirmed our findings by employing reverse-
phase HPLC to measure the concentration of M D A in cells treated wi th 
1 and 5 p:M ascorbic acid, comparing them to the control (indicated as -). 

A significant increase was observed in case of ascorbic acid differenti­
ated cell (supplementary data 2). These findings can be associated wi th 
the differentiation pattern illustrated in Fig. 2 . Unexpectedly, the band 
intensity at 40 kDa exhibits a slight reduction in the 0.1 p:M ascorbic 
acid-treated sample when compared to the control. We attribute this 
phenomenon to potential non-specific interactions. 
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Fig. 3. Expression of C D l l b surface marker in cell treated without (upper panel) and in the presence of 5 uM (middle panel) and 10 uM (lower panel) of ascorbic acid 
for 48 h. The images from left to right represent Nomarski DIC and FITC fluorescence. 

4. Discussion 

Monocytes are circulatory precursors that originate from a myeloid 
lineage which can further differentiate into macrophages or dendritic 
cells after recruitment in tissues and blood stream [28]. Our immune 
system gains the advantage of phagocytosis, antigen presentation, and 
cytokine production from these cells. U-937, a pro-monocytic cell lines 
differentiate into macrophages or into dendritic cells in vitro i n presence 
of different inducers [29]. The basic feature of this cell l ine is the syn­
thesis and secretion of lysozyme wi th the absence of immunoglobulin 
production. 

When cells such as U-937 and THP-1 cells are exposed to differen­
tiation inducers such as P M A , retinoic acid etc., their proliferation is 
slowed whi le the differentiation process is triggered. The monocytes 

under these treatments are known as "macrophage-like" because of their 
structure. However, the properties of the transformed cell l ine are not 
yet wel l known. It depends on the dose and time of treatment wi th in­
ducers. Cells treated wi th different inducers have been shown to express 
elevated levels of C D l l b and CD14. It also starts to induce adherence 
accompanied by cell cycle arrest [30]. Cel l differentiation is also known 
to activate the calcium and phospholipid-dependent isoforms of protein 
kinase C (PKC) thereby inducing A M P metabolism, which leads to its 
maturation into a macrophage [31,32]. It is now wel l accepted that the 
treatment wi th differentiation inducers exogenously activates the 
N A D P H oxidase complex, which can lead to the formation of O 2 - [33]. 
In the presence of superoxide dismutase (SOD), it can form H2O2 and 
subsequently H O * in the presence of transition metal ions [34]. During 
the last decades, differentiation studies were done uti l izing P M A and 
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proteins, and nucleic acids can be damaged. Reactive oxygen species can 
directly oxidize proteins, leading to structural and functional impair­
ments, as wel l as the formation of protein aggregates and cross-linking. 
Altogether, it can lead to change in normal protein folding and confor­
mation resulting which the protein-protein interaction and enzymatic 
activity can be hampered. A m i n o acids, including but not l imited to 
cysteine, methionine, and histidine are known to be most affected by 
ROS generation. L ip id particularly due to the presence of poly­
unsaturated fatty acids (PUFA's) are prone to peroxidation leading to 
the formation of l i p i d hydroperoxide and subsequently other reactive 
l ip id species. In our study, M D A which is formed as a by-product of l i p i d 
peroxidation known to be generated through a series of reaction 
involving cleavage of the peroxide bonds and rearrangement of the 
resulting radicals. In addition to most damage to l ipids and proteins, 
ROS is known to react w i t h D N A / R N A , oxidizing its bases, leading to the 
formation of D N A adducts, chains, and DNA-cross links. If not repaired, 
this can eventually lead to mutations and genomic instability that can be 
responsible for disease development. 

Our study shows the differentiation behavior of U-937 cells under 
exogenous supplementation of ascorbic acid. During the process of cell 
differentiation, it has been observed that there is a higher expression of 
N A D P H oxidase complex, which eventually can be hypothesized wi th 
the increase in the production of ROS. Based on our previous study, we 
observed a higher expression of NOX-4 in differentiated U-937 cells 
[ 1 6 ] . There might be a direct/indirect role of ROS in the activation of 
N A D P H expression and eventually self-oxidation. 

5. Conclusions 

B •• Control 

150 nM 

250 nM 

r A a 
Fig. 4. A. Protein MDA adducts formed in U-937 cells treated with 250 nM 
PMA. This illustrates protein modification in U-937 cells that were differenti­
ated for 72 h, visualized on blot with anti-MDA antibody. B. Quantification of 
protein bands from an anti-MDA blot by densitogram analysis. 

retinoic acid as inducers whereas, more recently, ascorbic acid has been 
known to relate to cell differentiation [ 3 5 ] , the molecular mechanism of 
which is still unclear. Differentiation studies on dental stem cells have 
been performed using ascorbic acid in the time range of 24-72 h; 
however, the stability of ascorbic acid over the period of several days i n 
solution should be taken in account considering the instability of the 
compound [ 3 6 ] . 

With the production of ROS in cells, biomolecules such as lipids, 

Prooxidative vs. antioxidative action of ascorbic acid (vitamin C) was 
evaluated in relation to differentiation of U-937 cell l ine into macro­
phages. Analysis of protein modification using anti-malondialdehyde 
antibodies showed changes in more than one protein. The findings 
demonstrate the relationship between the differentiation of U-937 cells 
into macrophages and the protein modification caused by the produc­
tion of ROS under the influence of ascorbic acid together wi th a switch 
from pro-oxidative to the antioxidant property of the compound under 
investigation. Findings from this study indicate ascorbic acid promotes 
differentiation of monocytes into macrophages underlying its role in 
immune response besides its antioxidant activity. Studies focusing on 
ascorbic acid role in differentiation and development have to be 
considered. 
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Figure SI: Protein MDA adducts formed in U-937 cells treated with 0.1-10 L IM ascorbic acid. 
This illustrates protein modification in U-937 cells that were differentiated for 72 h, 
visualized on blot with anti-MDA antibody. 
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Figure S2: Quantification of M D A in non-differentiated (control) and differentiated U-937 

cells (72 h, 1 and 5 L IM A A ) monitored by the reverse-phase H P L C . The retention time of 
M D A - D N P H derivative was at 5 .8 min. 

Experimental protocol used is briefly mentioned below: 

The total amount of MDA was assessed through reverse-phase HPLC analysis, following the procedure 
outlined by Pilz et al. (2000). In summary, HPLC-grade water (LC-MS grade) was added to the fraction 
samples to reach a total volume of 200 ul. To release MDA from proteins via alkaline hydrolysis, 40 ul of 6 
M aqueous sodium hydroxide was added and incubated at 60 °C for 30 minutes. Proteins were precipitated 
by acidifying the sample using 100 ul of 35% (v/v) perchloric acid, followed by centrifugation at 16,000 g for 
10 minutes. The supernatant (125 ul) was transferred to a new Eppendorf tube, and MDA was derivatized 
by adding 1 ul of 50 mM 2,4-dinitrophenyl hydrazine (DNPH) prepared in 2 M sulphuric acid and incubated 
at RT for 30 minutes. A 50 ul volume of the derivatized MDA was injected into the HPLC (Alliance e 2695 
HPLC System, Waters, Milford, MA, U.S.A.) equipped with a 2998 Photodiode Array (PDA) detector. The 
isocratic separation was carried out using an Arion ASTRA® C18-HE HPLC column (3.0 urn 150 mm x 4.6 
mm) (Chromes s. r.o., Prague, Czech Republic) with acetonitrile: water (50:50 v/v) as the solvent system 
and a flow rate of 1 ml min-1. The MDA-DNPH derivative was detected in the samples at 310 nm with the 
PDA detector. Operation and data processing were performed using Empower software. 
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Abstract: Reactive oxygen species (ROS) represent a group of molecules with a signaling role that are 
involved in regulating human cell proliferation and differentiation. Increased ROS concentrations 
are often associated with the local nonspecific oxidation of biological macromolecules, especially 
proteins and lipids. Free radicals, in general, may randomly damage protein molecules through the 
formation of protein-centered radicals as intermediates that, in turn, decay into several end oxidation 
products. Malondialdehyde (MDA), a marker of free-radical-mediated lipid oxidation and cell 
membrane damage, forms adducts with proteins in a nonspecific manner, leading to the loss of their 
function. In our study, we utilized U-937 cells as a model system to unveil the effect of four selected 
bioactive compounds (chlorogenic acid, oleuropein, tomatine, and tyrosol) to reduce oxidative stress 
associated with adduct formation in differentiating cells. The purity of the compounds under study 
was confirmed by an HPLC analysis. The cellular integrity and changes in the morphology of 
differentiated U-937 cells were confirmed with confocai microscopy, and no significant toxicity was 
found in the presence of bioactive compounds. From the Western blot analysis, a reduction in the 
M D A adduct formation was observed in cells treated with compounds that underlaid the beneficial 
effects of the compounds tested. 

Keywords: bioactive compounds; antioxidants; nutraceuticals; monocyte; macrophage; reactive 
oxygen species; phorbol 12-myristate 13-acetate; protein modification; malondialdehyde; redox reactions 

1. Introduction 
Nutrients that are not synthesized inside the human body but supplied w i t h the 

diet have potential health benefits by affecting our microbiome; they are important for 
the metabolism, i m m u n i t y and protection of cells/organs from metabolic or systematic 
byproducts, for instance, free radicals and inflammatory molecules that can otherwise 
be harmful if exceeded beyond the scavenging l imit of the non-enzymatic or enzymatic 
defense system [1-3]. The wide range of such molecules includes both plant and animal 
origins, e.g., polyphenols, carotenoids, vitamins, omega-3 fatty acids, organic acids, amino 
acid derivatives, etc. [4-6]. These natural compounds are being studied for their role in the 
alteration in biological reactions and their activity as antioxidant, anti-inflammatory, stress-
protective, anticancer, cardioprotective, and neuroprotective agents. In the present study, 
we selected four bioactive compounds, i.e., chlorogenic acid, oleuropein, tomatine, and 
tyrosol, of which oleuropein and tomatine were extracted from their natural sources (olive 
and tomato leaves, respectively). Chlorogenic acid and tyrosol were commercial products. 
Their role as anti-inflammatory and antioxidant agents i n vitro systems was evaluated. 
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A m o n g antioxidants, chlorogenic acid is one of the polyphenols present i n plants, 
abundantly consumed with fruits, vegetables, coffee, and tea. It is formed from the esterifi-
cation of quinic acid and certain trans-cinnamic acids, most commonly caffeic, p-coumaric, 
and ferulic acids [7]. Chlorogenic acids are characterized by different subgroups consisting 
of caffeoylquinic, p-coumaroylquinic, and feruloyquinic acids. These acids are abundant 
at different concentrations and in isomeric mixtures in dr inking beverages such as coffee, 
tea, and wine [7]. In published studies, beverages such as coffee and various fruits that 
contained these acids lowered the risk of some chronic diseases w i t h their antioxidant, 
anti-inflammatory, and antibacterial properties [8,9]. A study on a rat model in a gastric 
epithelial model showed that chlorogenic acids are not hydrolyzed in the gastrointestinal 
tract and are actively absorbed [10]. Chlorogenic acid and its microbial metabolites were 
proposed to decrease the proliferation of colon cancer cells [11]. 

Tomatine, a glycoalkaloid with antibiotic and insecticide effects, can be extracted from 
the stems, leaves, and green unripe tomatoes {Solarium lycopersicum L.); it represents one of 
the main parts of the Mediterranean diet, w h i c h is k n o w n to contain other antioxidants, 
phenolic compounds, etc. [12]. In recent studies, the extracts obtained from green unripe 
tomatoes have been shown to have antihypertensive [13], anticancer, and antimicrobial 
properties that induce the cell death rate of cancer cells, which have been studied in different 
cancer cell lines [14,15]. O n the contrary, the direct effects of tomatine or tomato extract on 
protein modification in any in vivo experiments have not been studied. 

cc-tomatine was found to be the most effective agent against cancer cell growth. In 
tomato extract upon in vitro digestion (condition as in vivo gastrointestinal environment), 
around 45-50% antioxidant activity was still retained [16]. The compound is also k n o w n 
to balance the level of free radicals in cells and control oxidative damage [17-19]. The cell 
toxicity, antioxidants, and other physiological effects of tomatine depend on the ripening 
stage [20,21]. 

Oleuropein can be extracted from olive leaves (Olea europaea L.) . It consists of a 
molecule of elenolic acid l inked to orthodiphenol hydroxytyrosol by an ester bond, and 
to a molecule of glucose by a glycosidic bond extracted from olive leaves, and is one of 
the main phenolic secoiridoids [22]. This compound has wel l -known anti-inflammatory 
and antioxidant effects, as evidenced in different studies [23-26]. The effect of oleuropein 
was studied in rats, and the oxidative stress and antioxidant activity were observed by 
the evaluation of the levels of malondialdehyde ( M D A ) , superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GPX), myeloperoxidase (MPO) , and nitric oxide 
(NO). Different anti-inflammatory genes and cytokines such as IL-113, T N F - a , IL-10, COX-2, 
iNOS, TGF-|31, M C P - 1 , and N F - K B , the pro-apoptotic gene Bax, and the antiapoptotic gene 
Bcl2 were also evaluated in rat tissue and found altered [22]. After oleuropein treatment, 
the M D A , M P O , and N O levels were significantly lower, and the levels of SOD, CAT, and 
G P X were elevated [22]. 

Tyrosol, a derivative of phenethyl alcohol, is a phenylethanoid. The main sources 
of tyrosol are olive leaves, and olive o i l can form esters w i t h fatty acids [27]. In clinical 
studies, tyrosol exerted protective effects against oxidative damage caused by oxidized 
L D L in the adenocarcinoma cell line [28]. It was also suggested that tyrosol may neutralize 
cellular damage induced by reactive oxygen metabolites. Studies on the effect of tyrosol 
on levels of superoxide anion radicals ( 0 2 * ~ ) , hydrogen peroxide (H2O2), and nitric oxide 
(*NO) were studied i n stimulated macrophages w i t h ascorbic acid and phorbol esters, 
where tyrosol showed a negative effect on 0 2 * ~ and H 2 O 2 production [29]. Tyrosol is also 
k n o w n to modulate N F - K B activation, which plays a very important role in inflammatory 
reactions. Chemically synthesized tyrosol sulfate (Tyr-SUL) and tyrosol glucuronate (Tyr-
G L U ) and their metabolites were also studied for their anti-inflammatory and antioxidant 
activities; tyrosol inhibits ROS level rise and downregulates the expressions of glutathione 
peroxidase 1, glutamate-cysteine ligase catalytic subunit, and heme oxygenase-1 genes [30]. 
This investigation was carried out to evaluate the potential of these compounds for the 
prevention of protein modification, and tests were performed on a cell line. 
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The U-937 cell line we used in our study is a human pro-monocytic myeloid leukemia 
cell line [31]. A recent study revealed their differentiation behavior and their relationship to 
ROS production under the effect of inducers [32]. The advantage of using U-937 cells is that 
they do not succumb to the Hayflick limit [33,34]. In the current study phorbol 12 myristate 
13-acetate ( P M A ) was used as a differentiation inducer. The differentiation depends on 
the inducer, its concentration, and the length of incubation [35]. Induction of the differ­
entiation by P M A occurs through the activation of protein kinase C (PKC) isozymes, and 
the subsequent generations of ROS are k n o w n to be closely interlinked. More specifically 
0 2 * ~ is generated by nicotinamide adenine dinucleotide phosphate hydrogen ( N A D P H ) 
oxidase, which can later be converted to H 2 O 2 by SOD or subsequently to hydroxyl radical 
(HO*) in the presence of transition metal ions. In human cells, N A D P H oxidase is primarily 
responsible for producing the ROS needed for redox signaling; various growth factors 
and cytokines stimulate ROS production by activating this enzyme [36]. A l though it is 
unclear whether the ROS produced by the mitochondria contributes to redox signaling, it is 
becoming increasingly clear that the H 2 O 2 released into the cytosol plays a role in various 
signaling networks, including cell cycle transition and redox balance [37]. H i g h l y reactive 
species generated under normal physiological and oxidative stress conditions are able to 
directly oxidize proteins or through l i p i d derivatives that react w i t h protein functional 
groups. These protein carbonyl derivatives serve as markers in elucidating ROS-mediated 
protein oxidation events. Malondialdehyde, an aldehyde derivative, forms adducts w i t h 
proteins, thereby leading to a loss in protein function. In the present study, we focused 
on evaluating bioactive compounds in their ability to reduce the impact of ROS-mediated 
protein modification using U-937 as a cell line model . The differentiation of U-937 cells 
under the P M A induction was visualized by confocal laser scanning microscopy (CLSM), 
with a focus on the plasma membrane and nuclei integrity. Subsequently the effect of four 
bioactive compounds (chlorogenic acid, oleuropein, tomatine, and tyrosol) on U-937 cells 
was evaluated using the immunoblotting technique to understand protein modifications. 

2. Results and Discussion 
2.1. Characterization of Bioactive Compounds 

To characterize the oleuropein and a-tomatine originating in the extracts from olive 
and tomato leaves, H P L C - U V and H P L C - M S analyses were performed, respectively. In 
Figure 1, the U V chromatograms of the oleuropein standard and the olive leaves extract 
are reported. Figure 2 shows the stacked mass chromatograms of the a-tomatine standard 
and tomato leaf extract. The percent purity of the extracted compounds was evaluated on a 
calibration curve and is presented in Table 1. Other peaks observed in the chromatograms 
of the tomato leaves extracts were related to minor glycoalkaloids, dehydrotomatine, and 
|3-tomatine. In the olive leaves extracts, the other compounds were hydroxytyrosol, some 
flavonoids (luteolin and apigenin glycosides), and the phenylpropanoid verbascose. 

Table 1. The concentration of main components i n the tomato and olive leaf extracts (n = 9). 

C o m p o u n d 
Average 

Concentration 
(mg/g) 

Standard 
Deviat ion 

% R S D % Puri ty 
{wlw) 

Oleuropein 
a-Tomatine 

0.602 
0.953 

0.010 
0.052 

0.01 
5.42 

60.8 ± 0.27 
94.2 ± 0.49 
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Figure 1. Stacked U V chromatogram of the oleuropein standard and the olive leaf extract. 
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Figure 2. Stacked mass chromatograms of a-tomatine standard and the tomato leaf extract. 

2.2. Cell Viability Using MTT Assay 

Quantitative estimation of viable cells exposed to bioactive compounds in U-937 cells 
was carried out using an M T T assay. U-937 cells were treated wi th P M A along wi th bioac­
tive compounds for 72 h . From Figure 3, the cell viabil ity under different concentrations 
of bioactive compounds used i n the experiments exceeded 70%. Prior to the assay dif­
ferentiation of cells was induced w i t h 250 n M P M A , a concentration optimized in our 
previous study [38]. The effect of bioactive compounds applied at several concentrations 
was dose-dependent; in Figure 3, it is expressed using P M A as 100% control. Wi th in ­
creasing concentrations (1.5, 3.1, 6.2,12.5, 25, and 50 uM) , the percentage of viable cells 
decreased linearly, but was found to be always higher than 70% in the concentration used in 
our study. Chlorogenic acid (Figure 3A) had the strongest effect on cell viability compared 
with oleuropein (Figure 3B), tomatine (Figure 3C), and tyrosol (Figure 3D). The percentage 
viability in the case of chlorogenic acid was - 7 0 % , while in the case of the others, it was 
w e l l above 80%. A s mentioned above, cell viabil i ty corresponds to metabolically active 
cells in response to treatments. The decrease in cell viabil i ty was evident for concentra­
tions above 12.5 u M ; therefore, we util ized 10 u M or lower as the standard concentration 
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for treatment. The results were further validated using the trypan blue exclusion test 
(Supplementary Data SI). 

2.3. U-937 Cell Morphology 

Cell morphology was monitored using C L S M following incubation with 250 n m P M A 
(Figure 4) for 72 h , and a h igh percentage of induction was observed. Differentiated U -
937 cells have a distinct extension bearing amoeboid morphology w h i c h confirms the 
maturation of promonocytic cells into monocytes or macrophages. Control cells (—PMA, 
upper panel) showed a mainly spherical, translucent structure, while most treated cells 
(+PMA, lower panel) formed pseudopodia. In U-937 cells treated w i t h P M A in the ab­
sence or presence of bioactive compounds (Figure 5 and Supplementary Data S2), cellular 
integrity was maintained both for the plasma (middle panel) and nuclear (right panel) 
membranes. Figures 4 and 5 and Supplementary Data S2 present multiple observation and 
scans performed on biological and technical replicates. 

1.5 3.1 6.2 12.5 25 
Concentration (uM) 

1.5 3.1 6.2 12.5 25 50 
Concentration ^iM) 

"53 40 
O 

1.5 3.1 6.2 12.5 25 50 

Concentration (\xM) 

"53 "i" 
O 

1.5 3.1 6.2 12.5 25 50 
Concentration ((.LM) 

Figure 3. C e l l viabi l i ty of U-937 cells. PMA-treated U-937 cells w i t h chlorogenic acid (A), 
oleuropein (B), a-tomatine (C), and tyrosol (D) at different concentrations. Data are presented 
as mean ± SE. 

Nomarski DIC FM4-64 Hoechst 33342 

-

1$ 
Figure 4. Double staining using FM4-64 and Hoechst 33342 i n nondifferentiated (upper panel) and 
72 h differentiated (lower panel) U-937 cells incubated for 5 min. Images (magnification 1000 x) were 
taken in different channels (from left to right are Nomarski DIC, FM4-64, and Hoechst 33342). 
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When cells such as U-937 cells are exposed to inducers such as P M A , their prolifera­
tion slows while the differentiation process is triggered. The monocytes under the P M A 
treatment are k n o w n as "macrophage-like" because of their structure [39-41]. However, 
the properties of the transformed cell line are not yet wel l -known. Phorbol 12-myristate 
13-acetate works as a tumor promoter, and it is k n o w n to be involved in gene transcrip­
tion, cell growth, differentiation, immune pathway programmed cell death, and receptor 
desensitization through P K C signaling pathways [42]. It also starts to induce adherence 
accompanied by cell cycle arrest [43]. P M A is also k n o w n to activate the calcium- and 
phospholipid-dependent isoforms of P K C , thus inducing A M P metabolism, leading to its 
maturation into a macrophage. It is n o w well-accepted that adding P M A exogenously 
activates the N A D P H oxidase complex, w h i c h can lead to the formation of O 2 * - . In the 
presence of SOD, it can create H2C>2 and subsequently H O * [3,43-46]. 

Nomarski DIC FM4-64 Hoechst 33342 
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Figure 5. Double staining using Hoechst 33342 and FM4-64 i n 72 h differentiated U-937 cells and in 
the presence of either of the bioactive compounds (chlorogenic acid, oleuropein, a-tomatine, and 
tyrosol, 10 nM). The staining was performed for 5 min , and images (magnification 1000 x) were taken 
i n different channels (from left to right are Nomarski DIC, FM4-64 and Hoechst 33342). 
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2.4. Protein Modification in Differentiating Cells and Impact ofBioactive Compounds 
The whole-cell homogenate of U-937 cells treated w i t h P M A alone (48 and 72 h) or 

together with bioactive compounds (24 h) was separated using SDS-PAGE. Immunoblotting 
using a n t i - M D A antibodies showed a modification of more than one protein. In 48 h 
differentiated cells (with last 24 h in the presence of bioactive compounds), the M D A 
was most evident in the protein band, corresponding approximately to 13 and 20 kDa 
(Figures 6A and 7). O n the densitogram presented as a part of Figure 7, it can be clearly 
seen that there was a significant suppression in the bands mentioned above. In the 72 h 
differentiated cells (with last 24 h i n the presence of bioactive compounds), significant 
suppression in the bands at 13, 15, 45, and 100 k D a was seen, a-tomatine showed the 
maximum antioxidant capacity compared w i t h chlorogenic acid in the 72 h differentiated 
cells (Figures 6B and 7). 

Chlorogenic acid 
Oleuropein 
Tomatine 
Tyrosol 

B 
Chlorogenic acid 
Oleuropein 
Tomatine 
Tyroso 

kDa 

70 
55 
35 
25 

15 

10 

(Da 

70 . 
55 • 
35 
15 

L5 

10 

Figure 6. Identification of protein M D A adducts i n whole-cell homogenates of U-937 cells treated 
wi th bioactive compounds P M A or P M A + bioactive compounds. A n t i - M D A blot represents protein 
modification i n U-937 cells differentiated for 48 h (A) and 72 h (B). 

Under oxidative stress, the plasma membrane l ipids of cells can undergo oxidation 
that indirectly results i n HO*-mediated protein carboxylation [47]. Polyunsaturated acyl 
chains of phospholipids, arachidonic acid and linoleic acid (polyunsaturated fatty acids), 
are extremely prone to peroxidation and breakdown through nonenzymatic hock cleavage, 
which forms a different k i n d of l ipid-derived aldehydes and ketones [48]. These l i p i d -
derived aldehydes and ketones can diffuse into the cell and modify proteins in the cells. 
In previous studies, it was suggested that l ipid-derived aldehydes are more reactive than 
direct oxidation of the amino acid side chain formed from protein carbonylation [49]. The 
scheme presented in Figure 8 shows the different steps involved in the protein modification 
as a result of ROS generation and successive oxidative radical reactions. Reactive oxygen 
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species are important metabolic products of cells, and play a beneficial role in cell defense, 
but their reaction with other proteins can be harmful [37]. The main protein modification is 
sulfoxide, which is the result of oxidation of methionine, cysteine to sulfenic, sulfinic, and 
sulfonic acids due to different redox reactions. Hydrogen peroxide, for instance, can cause 
the oxidation of the side chain of protein amino acids, w h i c h results in the formation of 
semialdehyde amino acids; most reactions occur wi th lysine, arginine, and proline [50]. 

48h 72h 

Figure 7. Quantification of protein bands from an a n t i - M D A blot (Figure 6) by densitogram analysis 
is shown and selected proteins are indicated w i t h respective molecular weight (red). 

Polyunsaturated fatty acid (PUFA) 

radical (') 

PUFA" 

0; 

)xyl radical (ROO') 

MDA-protein adduct 

Figure 8. Schematic representation showing the steps involved in protein modification as the results 
of ROS generation and successive oxidative radical reactions. 
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3. Methods and Materials 
3.1. Extracts 

Oleuropein extract was prepared from the leaves of olives (Olea europaea L.) by fol­
l o w i n g the protocol of Tamasi et al . , and the tomatine was obtained from the leaves of 
tomatoes {Solarium lycopersicum L.). The extraction protocols were previously reported for 
tomatine [21,51,52]. In brief, lyophilized leaves were treated with a hydroalcoholic mixture 
( E t O H / H 2 0 ; 80:20 v/v). For tomatine extraction, the mixture was acidified w i t h acetic 
acid (1%, v/v). The suspension was extracted through an ultrasonic-assisted procedure to 
enhance the extraction process, then it was centrifuged, and the l iqu id fraction was col­
lected. The extraction procedure was repeated twice on the remaining solid residue. Finally 
the extracts were dried under a nitrogen stream, freeze-dried, and stored at —20 ± 1 °C, 
in dim-light conditions, before further analysis. A l l samples were extracted in triplicate. 
Chlorogenic acid (purity > 97%) and tyrosol (purity > 98%) were commercial products and 
were used without extra purification. 

3.2. Reagents and Antibodies 

A l l the solvents were purchased from Sigma-Aldrich (Milan, Italy): ethanol ( E t O H , 
gradient grade for H P L C , >99.9%), methanol ( M e O H , gradient grade for H P L C , >99.9%), 
acetonitrile ( A C N , L C - M S grade, >99.9%), water ( H 2 0 , L C - M S grade, >99.9%), acetic acid 
( C H 3 C O O H , >98%), and formic acid ( H C O O H , L C - M S grade, >98.5%). The oleuropein 
standard was purchased from Sigma-Aldrich (Milan, Italy) (98%), and the tomatine stan­
dard was purchased from Extrasynthese (Lyon, France) (>98.5%). Cel l culture media and 
antibiotics were purchased from Biosera (Nuaille, France). Phorbol 12-myristate 13-acetate 
(PMA) was obtained from Sigma-Aldrich (St. Louis, M O , USA). The rabbit polyclonal anti-
malondialdehyde ( M D A ) antibody and M T T cell proliferation assay kit were purchased 
from Abeam [anti-malondialdehyde ( M D A ) antibody (ab27642)] (Cambridge, U K ) . Poly­
clonal goat anti-rabbit IgG conjugated w i t h horseradish peroxidase (HRP) was obtained 
from Bio-Rad (Hercules, C A , U S A ) . Protease and phosphatase inhibitors were obtained 
from Roche (Mannheim, Germany). 

3.3. HPLC-MS Analysis for a-Tomatine Determination in Tomato Leaf Extracts 

The extracts of tomato leaves were analyzed to determine the content of a-tomatine by 
H P L C - M S analysis. The extracts were resuspended in methanol (MeOH), and the analysis 
was performed on an Ult iMate 3000 H P L C coupled w i t h an L T Q X L mass spectrometer 
equipped with a HESIII electrospray ion source. Xcalibur software was used to acquire and 
process the data. The determination of the a-tomatine content was performed fol lowing 
a method previously optimized and published, w i t h some slight modifications [21,51]. A 
Phenomenex Kinetex Polar C18 (150 x 2.1 m m , 2.6 um, 100 A ) w i t h a SecurityGuard C18 
guard column (2 x 2.1 mm), thermostated at 35 ± 1 °C, was used for the chromatographic 
separation. The eluents were H 2 O containing 0.1% formic acid (A) and acetonitrile con­
taining 0.1% formic acid (B). The gradients were: isocratic 20% B (0-1 min), curve gradient 
20-50% B curve parameter: 8 (1-23 min), and linear gradient 50-95% B (23-25 min). The 
injection volume was 3 uL, and the f low rate was kept at 0.4 m L / m i n . The electrospray 
parameters were optimized by direct injection of a tomatine standard diluted in the elution 
solvent composition in positive mode: spray voltage, 5 kV; sheath and auxiliary gas, 35 
and 10 arbitrary units, respectively; the capillary temperature was maintained at 200 °C. 
The quantitative determination of a-tomatine was carried out in S I M mode via external 
calibration, using peimine as the internal standard. The same amount of internal standard 
(IS, 1.0 m g / L in M e O H ) was added to a l l standards and on the samples (analyzed on 
the same day). The calibration curve was acquired by injecting standard solutions i n the 
linearity range of concentrations, 0.025-10 m g / L , obtaining the equation y = 0.36693x, 
R 2 = 0.9965. The limit of detection (LOD) and limit of quantification (LOQ) values were 
also determined as 0.007 and 0.020 m g / L , respectively. A l l samples were extracted and 
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analyzed i n triplicate (n = 9), and results are expressed in mill igrams per gram as mean 
concentration ± standard deviation. 

3.4. HPLC-UV Analysis for Oleuropein Determination in Olive Leaf Extracts 

Olive leaf extracts were analyzed to determine the content of oleuropein by H P L C - U V 
analysis using a previous method with slight modifications [52]. The extracts were reconsti­
tuted in M e O H , and H P L C - U V analyses were performed on an UltiMate 3000 instrument 
equipped w i t h an RS-3000 Diode A r r a y Detector operating at 280 n m . Xcalibur software 
was used to acquire and process the data. A Kinetex Polar C18 column (150 x 2.1 mm, 
2.6 u.m, 100 A ; Phenomenex, Bologna, Italy) w i t h a SecurityGuard C18 guard column 
(2 x 2.1 mm), thermostated at 35 ± 1 °C, was used for the chromatographic separation. 
The solvents used for the elution gradient were A (H2O containing 0.1% formic acid) and B 
(acetonitrile containing 0.1% formic acid); the linear gradient was eluted from 5% to 50% of 
B (0-10 min), and from 50% to 95% of B (10-15 min). The injection volume was 3 u.L, and 
the flow rate of 0.4 m L / m i n . The quantitative determination of oleuropein was carried out 
via external calibration. The calibration curve was acquired by injecting standard solutions 
in the linearity range of concentrations, 5-100 m g / L , obtaining the equation y = 1930.8x, 
R 2 = 0.9998. The L O D and L O Q were also determined as 1.00 and 3.00 m g / L , respectively. 
A l l samples were extracted and analyzed in triplicate (n = 9), and the results are expressed 
in milligrams per gram as mean concentration ± standard deviation. 

3.5. Cell Line Origin and Cultivation 

The U-937 cell line was obtained from the American Type Culture Collection (ATCC; 
Rockvil le, M D , U S A ) . Cells were grown in RPMI-1640 supplemented w i t h 0.05 m M L -
glutamine, 10% fetal bovine serum (FBS), and 1% antibiotics (penicillin and streptomycin) 
in the v/v ratio. Experiments were carried out when viability was close to or above 70%. A n 
automated cell counter (Bio-Rad Laboratories, Hercules, C A , USA) was used to determine 
cell density, and viability was monitored using 0.05% trypan blue dye. 

3.6. Cell Line and Differentiation Condition 

For experiments, cells were differentiated w i t h 250 n M P M A at two different time 
points of 48 and 72 h . Fol lowing differentiation, cells were incubated w i t h the bioactive 
compounds mentioned above for 24 h . A l l experiments were carried out in complete 
medium. A cell density of 1 x 10 6 C F U / m L was used for treatment. 

3.7. MTT Cell Proliferation Assay 

Cell viability was determined using a Cel l Proliferation Assay Kit (ab211091) (Sigma 
A l d r i c h G m b H , Mannheim, Germany). For the test, U-937 cells were seeded in replicates 
(n = 2) on a 96-well microplate and treated with P M A in the presence or absence of bioactive 
compounds (10 u.M) at 37 °C. Fol lowed by incubation, the media were discarded, and 
serum-free medium was added along with M T T reagent and incubated for 3 h at 37 °C. To 
avoid interference by the M T T reagent, M T T solvent was added, and the 96-well microplate 
was kept on the shaker for 15 min. The absorbance was recorded at 590 nm, and the results 
are presented as percentage of the control in Section 2.2. Data are expressed as ± S E M of at 
least two measurements. 

3.8. Confocai Laser Scanning Microscopy 

A Fluorview 1000 confocai unit attached to the 1X80 microscope was uti l ized to 
visualize U-937 cells on slides (Olympus Czech Group, Prague, Czech Republic). Staining 
wi th FM4-64 (15 u.M) and Hoechst 33342 (2 u.M) for 5 m i n at RT was used to monitor the 
integrity of cell membranes and nuclei under experimental conditions. A lipophil ic dye 
FM4-64 (Sigma A l d r i c h G m b H , Mannheim, Germany) bound to the plasma membrane 
was excited using a 543 n m He-Ne laser, and its emission was recorded within the range of 
655-755 nm. Hoechst 33342 is a membrane-permeant stain specific for AT-rich regions of 
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double-stranded D N A for which excitation was achieved by a 405 n m diode laser, and the 
signal was recorded wi th 430-470 n m bandpass filter. 

3.9. Protein Immunoblotting 

After differentiation and incubation wi th the bioactive compounds, U-937 cells were 
collected by centrifugation and washed wi th PBS ( p H 7.4) to remove residual media. Cel l 
pellets thus obtained were resuspended in lysis buffer(150 m M N a C l , 50 m M Tris (pH 8.0), 
0.5% sodium deoxycholate, 0.1% SDS, and 1% NP-40) containing 1% (v/v) protease and 
phosphatase inhibitor (v/v) and subjected to sonication. The processed homogenate was 
centrifuged at 14,000 x g, and the collected supernatant fraction was quantified using a 
Pierce B C A protein estimation kit (Thermo Fisher Scientific, Paisley, U K ) . Protein samples 
were prepared w i t h 5 x Laemmli sample buffer along w i t h 100 m M 2-Mercaptoethanol, 
and a concentration of 10 ug/lane was used for electrophoresis. 

Whole-cell homogenates separated on 10% SDS gel were then transferred to nitrocellu­
lose membranes using a Trans-Blot Turbo transfer system (Bio-Rad, Hercules, C A , USA). N i ­
trocellulose membranes were then blocked for 2 h at RT with 5% BSA in phosphate-buffered 
saline (PBS) ( p H 7.4) containing 0.1% Tween 20. The blocked membranes were probed 
overnight wi th an a n t i - M D A antibody at 4 °C and incubated for 1 h at room temperature 
w i t h HRP-conjugated anti-rabbit secondary antibody (dilution 1:10,000). Immunocom-
plexes thus formed were visualized using Immobilon Western Chemiluminescent H R P 
Substrate (Sigma Aldr i ch , G m b H , Mannheim, Germany) and captured with an Amersham 
600 imager (GE Healthcare, Amersham, U K ) . 

4. Conclusions 

Activation or differentiation of monocytes into macrophages is mediated by the ex­
pression of various proinflammatory mediators and the generation of O 2 * - . L ipids , more 
specifically polyunsaturated fatty acids, are highly vulnerable to oxidative stress. The 
compounds evaluated in the present study exhibited less cytotoxicity. Addit ional ly, they 
do not interfere w i t h the process of U-937 differentiation toward monocytic lineages, as 
confirmed by confocal analysis. Malondialdehyde, a byproduct of l i p i d peroxidation, 
is toxic, and its enhanced expression is k n o w n to be involved i n various pathogenesis, 
including carcinogenesis, diabetics, and neurological disorders. It is a highly reactive 
molecule, wi th three carbon dialdehyde molecules that interact wi th functional groups on 
proteins, forming adducts. Immunoblotting analysis w i t h a n t i - M D A antibody revealed 
that among the tested compounds, tomatine and tyrosol exhibited enhanced antioxidant 
activity compared with chlorogenic acid and oleuropein. A further transcriptomic analysis 
of U-937 after differentiation and incubation w i t h antioxidants is required, w h i c h w i l l 
help i n the identification of the genes involved and their upregulation before and after 
antioxidant treatment. 

Supplementary Materials: The fo l lowing supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/i jms23137424/sl . 
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Supplementary data SI: Effect of PMA (250 nM) (A) and in presence of chlorogenic acid (B), oleuropein 
(C), a-tomatine (D) and tyrosol (E) on viability of U937 cells. The viability was measured in 72h 
differentiated U-937 celsl with last 24 h of incubation with bioactive compounds. Trypan blue (0.1%) was 
mixed in the ratio 1:1. The ratio of alive:dead cell was measured using a counting slide (dual chamber 
for cell counter, Bio-Rad) on an automated cell counter and %viability is plotted. 



Supplementary data S2 

Supplementary data S2: Double staining with Hoechst 33342 and FM4-64 in 48 h differentiated U937 
cells and in the presence of either of the bioactive compounds (chlorogenic acid, oleuropein, a-
tomatine and tyrosol, 10u,M). The staining was done for 5 min and images were taken in different 
channels (from left to right are Nomarski DIC, FM4-64 and Hoechst 33342). 
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Abstract: Skin plays an important role i n protection, metabolism, thermoregulation, sensation, and 

excretion whilst being consistently exposed to environmental aggression, including biotic and abiotic 

stresses. D u r i n g the generation of oxidative stress i n the skin , the epidermal and dermal cells are 

generally regarded as the most affected regions. The participation of reactive oxygen species (ROS) 

as a result of environmental fluctuations has been experimentally proven b y several researchers 

and is w e l l k n o w n to contribute to ultra-weak photon emission v ia the oxidation of biomolecules 

(lipids, proteins, and nucleic acids). More recently, ultra-weak photon emission detection techniques 

have been introduced to investigate the conditions of oxidative stress i n various l i v i n g systems in 

i n v ivo , ex v i v o and i n vitro studies. Research into two-dimensional photon imaging is drawing 

growing attention because of its application as a non-invasive tool. We monitored spontaneous and 

stress-induced ultra-weak photon emission under the exogenous application of a Fenton reagent. 

The results showed a marked difference i n the ultra-weak photon emission. Overal l , these results 

suggest that triplet carbonyl ( 3C=0*) and singlet oxygen ( 102) are the final emitters. Furthermore, the 

formation of oxidatively modif ied protein adducts and protein carbonyl formation upon treatment 

wi th hydrogen peroxide ( H 2 O 2 ) were observed using an immunoblotting assay. The results from this 

study broaden our understanding of the mechanism of the generation of ROS i n skin layers and the 

formation/contribution of various excited species can be used as tools to determine the physiological 

state of the organism. 

Keywords: porcine skin; protein modification; oxidative radical reaction; protein carbonyls; 

two-dimensional imaging; ultra-weak photon emission; malondialdehyde; reactive oxygen species 

1. Introduction 
Numerous crucial bodily processes and functions, such as thermoregulation, metabolism, 

sensory perception, excretion, hormones, and vi tamin synthesis, can be attributed to the 
largest organ, the skin, either partially or to their fu l l extent [1]. Addit ional ly , the skin 
represents the pr imary mechanical obstruction that secures the body against invading 
pathogens, solar irradiation, fluctuating temperature, dehydration, and various chemical 
and mechanical aggressions [2-4]. Therefore, it is imperative to study the mechanisms of its 
multitudinous role to discover novel effective treatments/procedures to maintain/restore 
its healthy condition. To achieve this, researchers often turn to animal models as a represen­
tation of human skin [5,6]. In addition to alleviating ethical and financial burdens, the vari­
ety of model systems and tools available makes them an attractive alternative [7-9]. These 
systems must possess high levels of similarity wi th human skin in terms of the attribute(s) 
that are integral to a given research purpose. Pig/porcine skin ranks at the top (particularly 
in dermatology) due to the myriad anatomical, biochemical, and physiological similarities 
found in pigs and humans [10]. Its advantage also lies in its widespread accessibility and 
cost-effectiveness, which can be traced to pigs being the most produced/consumed meat 
wor ldwide [11]. Similarities are found starting from the multilayered skin composition, 
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which can be grouped into three main layers: the epidermis, the dermis, and the hypoder-
mis (also called subcutis) [10,12]. However, no animal model system shares all the features 
of human skin in its entirety. For our study, porcine skin was selected as an ex vivo model, 
owning to its comparably higher similarity w i t h human skin in the features essential for 
our research (such as its morphology and biochemical composition) than the other available 
models. 

Skin is rich in reactive oxygen species (ROS), such as, but not l imited to, hydrogen 
peroxide (H2O2) and hydroxyl radical (HO*) [7,13,14]. This is due to their endogenous 
and exogenous production/st imulation. Constant contact w i t h molecular oxygen (0 2 ) , 
xenobiotics, solar radiation, oxidative metabolism, pathogens destroying immune cells, 
physiological and psychological stress are examples that affect the delicate balance of natu­
ral oxidants/antioxidants in the cell and, subsequently, the tissue/organ/organism [15,16]. 
Under regulated conditions, ROS are generally neutralized by a network of non-enzymatic 
antioxidants, such as glutathione and ascorbic acid or enzymatic antioxidants such as 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione 
reductase, and thioredoxin reductase (TRX). A key enzyme that detoxifies H 2 0 2 is the per­
oxisomal localized catalase. Enzymatic antioxidants act in a coordinated way to maintain 
normal redox homeostasis [13,17]. If this condition is not restored through innate enzymatic 
and non-enzymatic mechanisms/exogenous antioxidants, it leads to a condition called ox­
idative stress [18,19]. The eustress is attributed to ROS involved in cellular signaling, but the 
risk comes when oxidative stress prevails, reaches toxic levels, and important biomolecules 
are negatively affected [18]. Biomolecule oxidation was found to be the cause/factor in the 
formation/aggravation of several diseases, such as diabetes, psoriasis, Alzheimer's disease, 
and other diseases related to age [20,21]. Oxidative stress-induced protein modifications 
are a common feature in several pathologies and are routinely employed as a marker of 
oxidative processes, along w i t h malondialdehyde ( M D A ) , w h i c h is a by-product of l i p i d 
peroxidation [22]. 

This study aims to increase our understanding of ROS-induced oxidative stress in 
skin. Exogenous oxidant ( H 2 0 2 ) , with or without transition metal ions, was used to mimic 
chemical/environmental pollutants. The exogenous use of transition metals enhances the 
oxidative process drastically; thus, its use in our two-dimensional studies was intended 
to enhance the subsequent photon emission, described later in the section. Us ing a non­
invasive ultrasensitive charge-coupled device (CCD) camera, a scavenger (sodium 
ascorbate), and the interference filter, we attempted to understand the degree of damage to 
biomolecules reflected by ultra-weak photon emission. A s skin is rich in iron and other 
transition metals, we believe that the cascade of reactions (mediated by the formation of the 
H O * ) might have played a role in the eventual oxidative damage to lipids and proteins. To 
further understand the mechanism and possible oxidative consequences, we used protein 
immunoblotting, where a n t i - M D A and ant i -DNP antibodies were used to observe the 
protein modification. 

2. Results and Discussion 
2.1. Spontaneous and Fenton Reagent-Induced Ultra-Weak Photon Emission from Skin 

The two-dimensional image of the ultra-weak photon emission was measured spon­
taneously from the porcine ears and after the topical application of the Fenton reagent 
in the setup shown and described in detail in Section 3. Variable concentrations of H 2 0 2 

(0,2.5 m M , 5 m M , and 10 m M ) and FeS04 were topically applied to the skin biopsies and 
the corresponding ultra-weak photon emission images were captured (Figure 1). The upper 
panel (Figure 1A) shows the photographs of the prepared skin biopsies; Figure I B shows 
the spontaneous ultra-weak photon emission images to demonstrate any variability in the 
spontaneous ultra-weak photon emission; Figure 1C shows the dependence of the ultra-
weak photon emission w i t h the increasing concentration of Fenton reagent. It is obvious 
that w i t h the increasing concentration of oxidants, there is a corresponding increase in 
the intensity of the ultra-weak photon emission. Fol lowing the optimization, we further 
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carried out our study on ex v ivo porcine ear, where the treatment condition was l imited 
to 10 m M H 2 O 2 / 2 5 0 u M F e S 0 4 (Figure 2). Figure 2 A (left panel) shows an image of the 
ultra-weak photon emission from an ex vivo porcine ear without any stimulation/induction 
of oxidative stress. In Figure 2B, the ultra-weak photon emission image was measured 
following the treatment w i t h the Fenton reagent. Figure 2C shows the photon intensity at 
the pixels marked on the images by white dotted lines. A s apparent from the intensity of 
the ultra-weak photon emission, the skin not treated wi th Fenton reagent (control) shows 
no enhancement, whereas the skin treated with Fenton reagent shows a maximum intensity 
of -25 counts/pixel. 

B 

• OmM '2.5 mM 5 mM 10 mM 

a b c d 

Figure 1. Two-dimensional photon emission imaging using a C C D camera from skin biopsies. 
Photographs (A) and spontaneous two-dimensional ultra-weak photon emission images (B). In (C), 
induced photon emission images were captured after topical treatment of skin biopsies with 2.5 mM, 
5 m M and 10 m M (b-d) H 2 O 2 /250 u M FeS0 4 versus control (a). Dark adaptation of 30 min was 
conducted prior to the exogenous application of FeSC>4 and H 2 0 2 . 

Sodium ascorbate (10mM), which is a scavenger of 1 0 2 [23], was topically applied to 
the porcine skin 10 m i n before the application of the Fenton reagent. It is evident that the 
presence of sodium ascorbate before the application of Fenton reagent noticeably lowered 
the ultra-weak photon emission (Figure 3). A s evident from the intensity of the photon 
emission, the Fenton reagent-treated porcine skin shows a higher intensity, w h i c h was 
found to be suppressed almost completely in the case of the skin pretreated w i t h sodium 
ascorbate. It is thus obvious that the involvement of 1 0 2 d i m o l photon emission i n the 
overall ultra-weak photon emission can be substantial (Figure 3). The conclusion is based 
on the fact that in an oxygen-rich environment, the excitation energy from 3 C = 0 * can be 
transferred to 0 2 via triplet-singlet energy transfer, which can lead to the formation of 2 0 2 . 
The collision of two 1 0 2 results in photon emission in the red band of the spectrum (634 
and 703 nm), referred to as dimol emission [24]. 

To confirm the claimed primary sources ( 3 C=0*) of the photon emission under the 
induced oxidative stress, we mounted a blue-green interference filter type 644 w i t h a 
transparency between 340-540 n m in front of the objective lens w i t h the experimental 
condition, as in Figure 3. It can be seen that if the transparency was l imited in the range 
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of the blue-green region, typically destined for 3 C = 0 * emission, partial photon emission 
can sti l l be captured (Figure 4). This indicates that 3 C = 0 * can be one of the significant 
contributors of ultra-weak photon emission during oxidative radical reaction in the skin. 

B 

— — 

rent 

20 r.u. 

nton reagent 

control 

0 200 400 600 800 1000 1200 1400 

Pixels 
Figure 2. Spontaneous (A) and Fenton reagent-induced two-dimensional image of the ultraweak 
photon emission (B) from a porcine ear. In B, 10 m M H2O2/25O u M FeS04 was topically applied. A l l 
other experimental conditions are as described i n Figure 1. In (C), the Y-axis shows the number of 
photon counts after 30 m i n accumulation, whereas the X-axis denotes the pixel of the image. 

20 r.u. 

0 200 400 600 800 1000 1200 1400 
Pixels 

Figure 3. Fenton reagent-induced two-dimensional photon emission imaging from the porcine 
ear. The ultra-weak photon emission imaging was performed i n a porcine ear treated w i t h 10 m M 
H2O2/25O u M FeSC>4 i n the absence (red circle) and presence (black circle) of sodium ascorbate 
(10 m M ) . Samples were treated w i t h sodium ascorbate 10 m i n before to the topical application of 
Fenton reagent. The Y-axis in the lower panel indicates the number of photon counts after 30 m i n of 
accumulation, whereas the X-axis shows the pixel of the image. 

2.2. Protein Modification under Generated ROS 

Reactive oxygen species create oxidative radical reactions in cells due to several 
cellular components, for example, D N A , protein, l ipids, and carbohydrates undergo mod-
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ifications [25]. In the present study, the proteins undergoing modification by ROS were 
characterized using an immunoblotting technique. We limited the stress induction to H2O2 
treatment alone as such high oxidative damage is not necessarily required to study protein 
modification using western blotting; the level of endogenous transition metal ions is be­
lieved to be sufficient to mediate the process. O n the contrary, to image photon emission as 
a result of oxidative damage, we need a moderate to high level of oxidative damage and, 
thus, metal ions were additionally supplemented. 

0 200 400 600 800 1000 1200 1400 

Pixels 

Figure 4. Fenton reagent-induced two-dimensional ultra-weak photon emission imaging from 
porcine ear measured after the topical application of Fenton reagent (10 m M H2O2/25O u M FeS04) in 
the presence of interference filter type 644 (340-540 nm). The circle indicates the untreated (red) and 
treated (black) areas of the porcine skin w i t h s o d i u m ascorbate. Other experimental conditions as 
described in Figure 3. The Y-axis in the lower panel reflects the number of photon counts accumulated 
after 30 m i n , whereas the X-axis denotes the pixel of the image. 

To study the protein modification (protein carboxylation and protein carbonyl forma­
tion), we used a n t i - M D A and anti -DNP, respectively. For characterization, skin biopsies 
treated w i t h H2O2 (10 m M ) and control non-treated samples were separated using SDS 
P A G E and the samples were loaded in duplicate. A n t i - M D A antibodies b ind to M D A -
modified proteins, thereby enabling the detection of M D A - p r o t e i n adducts. Malondialde-
hyde reacts specifically w i t h amino acid residues such as Lys, A r g , H i s and Cys . Wi th 
reference to the ant i -MDA blot (Figure 5A), MDA-prote in adduct formations were observed 
around 15 kDa, 45 kDa, 50 kDa, 65 kDa, 130 kDa and 250 kDa. However, the band density 
of 65 kDa, 130 kDa and 250 kDa proteins were found to be enhanced in comparison to the 
control untreated groups. Differences in the levels were represented as densitogram in 
separate panels for each protein (Figure 5B) and the mechanism involved is presented i n 
Figure 6. 

To monitor the protein carbonyl formation, derivatization was conducted, as men­
tioned in Section 3.4. The western blot analysis of the control and H202-treated skin biopsies 
displayed protein carbonyl levels, as measured by the ant i -DNP antibodies (Figure 6A). A 
distinct band at 130 kDa was observed in both groups wi th varied patterns. It is clear that 
the carbonylated proteins isolated from the control groups are significantly less formed 
than the treatment groups. Figures 7 and 8 (created w i t h elements from BioRender.com) 
show the steps involved in the formation of the MDA-prote in adduct and protein carbonyl 
formation, respectively. Differences between the control and treatment groups are pre­
sented as a separate densitogram (Figure 6B). Addit ional studies targeting the identification 
and characterization of selected proteins from both ant i -MDA and anti-DNP blots are under 
study. 

http://BioRender.com
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B 
kDa M control 2control 2 H 2 O z 

Figure 5. (A) Identification of M D A - p r o t e i n adducts in homogenates of porcine skin cells. Lanes 1-2 
show control samples, while lanes 3-4 are skin samples treated wi th H 2 O 2 (10 m M ) (B). Quantification 
of protein bands (by densitogram analysis) from an a n t i - M D A blot is presented, and proteins of 
interest are indicated by arrows. 

•control zcontrol kDa 

130 
100 
70 

35 
25 

15 

Figure 6. (A) Identification of D N P - c a r b o n y l derivatives i n homogenates of porcine sk in cells. 
Lane 1-2 shows control sample, whi le lanes 3-4 are skin samples treated w i t h H 2 O 2 (10 m M ) 
(B) Quantification of protein bands (by densitogram analysis) from an a n t i - D N P blot is presented, 
and the selected proteins of interest are indicated by arrows. 
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Figure 7. Schematic representation depicting the steps involved in the formation of the M D A - p r o t e i n 
adduct as the consequence of ROS generation and successive oxidative radical reactions. The figures 
show stress factors (biotic and abiotic) that can lead to the formation of ROS w h i c h eventually can 
lead to l ip id peroxidation and subsequently to the generation of the M D A - p r o t e i n adduct. The lower 
panel depicts the use of immunoblotting techniques to detect M D A - protein formation. 

Transmembrane protein 

DNPH protein derivative 

Chemiluminescence 
imaging 

Secondary ATB 
incubation 

Primary ATB 
incubation 

DNPH-derivatized protein V 
Western blotting 

Anti-DNPH (primaryantibo body) Goat Anti-Rabbit IgG (HRP)(secondaryantibody) 

Figure 8. Schematic representation depicting the pathways of protein carbonyl formation which can 
occur as a result of protein oxidation. The lower panel depicts the use of immunoblotting techniques 
to detect protein carbonyl formation. 

3. Materials and Methods 
3.1. Porcine Skin 

Porcine ears were obtained from a local slaughterhouse. They were transported at 
a low temperature (on ice) wi th in the first 30 min . Whole ear /skin biopsies for two-
dimensional imaging and immunoblott ing were prepared according to the procedure 
described by C h i u and Burd (2005) [26], wi th minor modifications. Skin samples, collected 
each day were used for each set of measurements. 
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3.2. Reagents and Antibodies 

Fenton reagent preparation was conducted using H2O2 (Sigma-Aldrich Chemie 
G m b H , Mannheim, Germany) and ferrous sulfate (FeS04.7H 20) (BDH Laboratory Supplies, 
Poole, U K ) . A variable concentration of H2O2 (2.5 m M , 5 m M , 10 m M ) was used w i t h a 
fixed concentration of iron sulphate (FeSC^) (250 uM) to chemically generate H O * . The 
procedure for topical application and its duration are specified i n the figure legends, as 
applicable. Phosphatase and protease inhibitors were purchased from Roche (Mannheim, 
Germany). Rabbit polyclonal a n t i - M D A antibody was purchased from Abeam [anti -MDA 
antibody (ab27642)] (Cambridge, U K ) and polyclonal goat anti-rabbit IgG conjugated 
with horseradish peroxidase (HRP) from Bio-Rad (Hercules, C A , USA) . Rabbit polyclonal 
D i n i t r o p h e n y l - K L H antibody (anti-DNP) were procured from ThermoFisher scientific 
(Waltham, M A , USA) . 

3.3. Experimental Conditions and Setup for Two-Dimensional Imaging of Ultra-Weak 
Photon Emission 

A unique design of dark rooms is a prerequisite to avoid any interference by the 
absence of a photon. In the current study, al l of the ultra-weak photon imaging measure­
ments were conducted in an experimental dark room. Further details on the adopted 
methodology can be found in Prasad and Pospíšil (2013) [27]. The dark room, as w e l l as 
the measurement setup, is shown in Figure 9. A l l of the experiments were carried out in 
three biological replicates, and the representative images have been presented. To study 
the spectral distribution of the ultra-weak photon emission in the oxidation reactions using 
Fenton reagents, filter type 644 (Schott and Gen, Jena, Germany), w h i c h is a blue-green 
interference filter wi th a transmission i n the range 340-540 nm, was used and mounted in 
front of the objective lens of the C C D camera (Figure 1) [27]. 

Figure 9. Schematic diagram of the experimental setup for two-dimensional photon emission imaging 
using a C C D camera. The diagram shows the inner dark room (gray) and the outer control room 
(green). The filter position for the spectral measurement was positioned in front of the objective lens, 
as shown. 

Two-dimensional photon emission imaging was measured in porcine ear/skin biopsies 
ut i l iz ing a sensitive C C D camera. The skin samples were dark-adapted for 30 m i n to 
eradicate any interference by delayed luminescence and treated afterward. The other 
experimental conditions are as per the procedure described in the listed reference [27]. The 
VersArray 1300B C C D camera (Princeton Instruments, Trenton, N J , U S A ) w i t h a spectral 
sensitivity of 350-1000 n m and -90% quantum efficiency was used under the fol lowing 
parameters: scan rate, 100 k H z ; gain, 2; accumulation time, 30 m i n (porcine ear /skin 
biopsies). The C C D camera was cooled to —108 °C using a l iquid nitrogen cooling system, 
which helps to reduce the dark current. Before each measurement, the data correction was 
made by subtracting the background noise from the experimental dataset. 
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3.4. Protein Immunoblotting 

Skin biopsies were prepared through initial washing with physiological solution (0.9% 
N a C l ) . First, 0.5 g of the skin biopsies were subjected to the desired treatment (control 
or Fenton reagent applied topically for 30 m i n each), fol lowed by rinsing w i t h distilled 
water. Subsequently, the samples were snap-freezed i n l iquid N2. The samples were 
then homogenized w i t h radioimmunoprecipitation assay (RIPA) buffer (150 m M N a C l , 
50 m M Tris ( p H 8.0), 0.5% sodium deoxycholate, 0.1% SDS, and 1% NP-40) comprising 
1% (v/v) protease and phosphatase inhibitor {of v) (three times, 1 m i n each), followed by 
sequential centrifugations at 8000 r p m (30 m i n , 1 time) and 14,000 r p m (45 m i n , 2 times). 
The supernatant was collected and quantified w i t h a Pierce B C A protein estimation kit 
(Thermo Fisher Scientific, Paisley, U K ) . The detailed sample preparation procedure is 
presented in Figure 10. Protein samples for Western blotting were prepared w i t h SDS 
Laemmli sample buffer. The prepared samples were then subjected to electrophoresis 
and immunoblotting analysis using a n t i - M D A antibody. For immunoblotting, 2 biological 
replicates were performed for each measurement. 

Figure 10. Steps showing the workflow and optimized protocol for whole-skin tissue lysate prepara­
tion, isolation, and the B C A assay for protein estimation. 

To detect protein carbonyl formation, the collected protein fractions were subjected to 
derivatization. Carbonyl groups present in the protein side chains were derivatized w i t h 
2,4 dinitrophenylhydrazine ( D N P H ) , leading to the formation of stable 2,4 dinitrophenyl-
hydrazone (DNP) derivative, w h i c h involves the addition of an equal volume of protein 
and 12% SDS (final concentration at 6%) and subsequent addit ion of I X D N P H solution 
(50 m M solution in 50% sulphuric acid). The mixture was incubated at RT for 30 m i n and 
the reactions were neutralized w i t h 2 M Tris base and 30% glycerol (0.75 x v/v of D N P H 
solution). The resulting protein fractions were centrifuged at 14,000 rpm for 10 min and the 
supernatants were loaded onto SDS gels for immunoblotting w i t h an ant i -DNP antibody. 

Whole cell homogenates (10 u.g/lane), processed on 10% SDS gel, were then trans­
ferred to blotting membranes (nitrocellulose) using a Trans-Blot Turbo transfer system 
(Bio-Rad, Hercules, C A , USA) . The membranes were blocked (BSA in phosphate buffered 
saline, p H 7.4, containing 0.1% Tween 20) overnight at 4 °C. The blocked membranes were 
probed for 2 h w i t h an a n t i - M D A antibody at RT. After 4 cycles of washing w i t h PBST 
and incubation for 1 h at room temperature w i t h HRP-conjugated anti-rabbit secondary 
antibody (dilution 1:10,000) and subsequent washing [PBST, 5x (5 m i n each)], the i m -
munocomplexes were visualized ut i l iz ing Immobilon Western Chemiluminescent H R P 
Substrate (Sigma Aldr i ch , G m b H , Mannheim, Germany) and imaged using an Amersham 
600 imager (GE Healthcare, Amersham, U K ) . Densitometry analysis of the blots obtained 
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was generated using Image J 1.53t [public domain software (Bethesda, M D , USA) provided 
by the National Institute of Mental Health, United States]. 

4. Conclusions 

The skin is the primary interface between the body and environmental aggression and 
excessive production of reactive species, including ROS, and reactive nitrogen species have 
been k n o w n to form in skin tissues. Oxidative stress and its resulting oxidation products 
have been reported to be the main cause of ageing. Due to the limitation associated w i t h 
the use of human skin for research purposes, porcine skin has been used as a model in the 
present study, wi th H2O2 as an exogenous oxidant. The two-dimensional spatiotemporal 
images and their spectral analysis confirmed the participation of triplet excited carbonyls 
and singlet oxygen d i m o l emission as substantial contributors resulting from oxidative 
radical reactions i n the skin. The resultant oxidatively modified protein adducts and the 
differences in the band density of the selected proteins in the non-treated and H2O2 treated 
skin tissues were confirmed by blotting analysis. A s oxidative stress remains a key factor 
in distinguishing physiological and pathological conditions, the present study helps to 
identify the specific protein targets involved in the process of oxidative damage in the skin. 
In addition, spatiotemporal imaging w i t h a C C D camera, also demonstrated by Abdlaty 
and co-workers [4], is presented as a powerful tool for non-invasive imaging that has the 
potential to pave the way for its widespread usage in research and/or clinical trials. 

Supplementary Materials: The fo l lowing supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/i jms24043981/sl. 
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