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ABSTRACT 

 

Comparing the protective effects of Resveratrol, Curcumin and Sulforaphane 

against Doxorubicin-mediated inflammation in macrophages 

 

    Doxorubicin (DOX) anti-tumor activity is accompanied by severe side effects such as 

cardiotoxicity and cardiomyopathy. These side effects are hypothesized to be mediated through 

doxorubicin induced inflammation. The aim of the current study, therefore, was to compare the 

effect of three naturally derived compounds with anti-inflammatory effects namely, curcumin 

(CUR), resveratrol (RES) and sulforaphane (SFN) against doxorubicin-mediated inflammation 

through affecting TLR4 signaling pathway in the murine macrophage cell line RAW264.7 

stimulated with Lipopolysaccharide/Interferon-gamma (LPS/IFN- γ). 

In present study,  RAW264.7 cells were stimulated with LPS/IFN-γ at a concentration of 10 

ng/10 U/mL in the absence and presence of DOX (0.1 µM) plus increasing concentrations of CUR, 

RES or SFN (5 - 20 µM) for 24 h. Cell lysates of LPS/IFN- γ stimulated RAW264.7 macrophages 

were collected and assayed for the mRNA expression of tumor necrosis factor alpha (TNF-𝛼), 

interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS) and toll like receptor 4 (TLR4) and 

miRNA expression of miR-146a, miR-155, and miR-21 levels using real-time PCR. Furthermore, 

TNF-𝛼 and IL-6 protein were characterized in culture supernatants via enzyme-linked 

immunosorbent assay (ELISA). Nitric oxide (NO) production was determined using the Griess 

assay and cell viability was assessed via 3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) assay. 
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     Our results showed that LPS/IFN-γ with/out DOX significantly induced TNF-𝛼, IL-6, and 

iNOS, and downregulated TLR-4 mRNA expression levels. Also, it upregulated miR-146a and 

miR-155, with no significant effect on miR-21. DOX alone was unable to induce any of these 

markers. Moreover, the LPS/IFN-γ mediated upregulation of TNF-𝛼 and IL-6 on the mRNA level 

was further translated to protein levels. Additionally, LPS/IFN- γ mediated induction of iNOS 

resulted in a significant increase in NO production that persists in the presence of DOX. Upon 

treating the LPS/IFN-γ stimulated macrophages with the different concentrations of the three 

naturally derived compounds, SFN was the only compound to show a significant decrease in 

LPS/IFN-γ-induced TNF-𝛼, IL-6, and iNOS mRNA expression levels. This effect of SFN in 

response to LPS/IFN-γ stimulation was conserved at the TNF-𝛼 and IL- 6 protein levels and NO 

production in the absence and presence of DOX. Interestingly, SFN significantly inhibited the 

LPS/IFN-γ mediated induction of miR-146a and miR-155 miRNA levels in RAW 264.7 cells. Last 

but not least, the SFN inhibition of the inflammation markers and miRNAs was not due to any 

cytotoxic effects as evident by MTT assay.  

    Our findings suggest that SFN, compared to CUR or RES, significantly exerted an anti-

inflammatory response in RAW264.7 cells stimulated with LPS/IFN-γ with/out DOX. This effect 

was confirmed on the transcriptional and post-transcriptional levels. Altogether, these findings 

provide an important rationale to utilizing SFN as a potential adjuvant for the prevention and/or 

treatment of DOX mediated cardiotoxicity that may be in part due to inflammation. The present 

study, therefore, can be implied in future clinical trials.  
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Immunity 

The immune system has been derived to protect the host against a population of constantly 

evolving pathogens and microbes (1). It also removes toxic or allergic substances that enter the 

bloodstream through mucosal surfaces, skin or intestinal microflora (1). Aside from its ability to 

respond to and destroy any invading pathogen, the immune system can distinguish between self 

and non-self-antigens, a property known as self-tolerance (1, 2). Any failure of self-tolerance, 

however, introduces the broad class of autoimmune diseases (2). 

Immunity produces multiples of cells to keep the surveillance upon every part of our body (2). 

In adulthood, the majority of immune cells are produced from bone marrow, which includes 

different kinds of white blood cells, such as neutrophils, lymphocytes, monocytes, basophils and 

eosinophils (2, 3). Immune cells usually express receptors that enable cell-cell and cell-

environment interactions; these receptors are primarily responsible for translating signals of 

danger, infection or abnormal cell death coming from the surrounding cell environment (2). In 

addition to extrinsic receptors, there are intrinsic receptors inside cytoplasm of the immune cell 

that can detect virus infection by binding to its nucleic acid (3). In response to infection, immune 

cells use a programmed system for detecting foreign substances and respond by producing 

cytokines that act as an alarm for surrounding tissues. This early response of the innate immune 

cells destroys infected cells leaving cell fragments that could further stimulate adaptive immune 

system directed to the inciting infection (2). The major inflammatory cytokines released during 

early immune response to infection include: tumor necrosis factor-alpha (TNF-α), interleukin 1 

(IL-1) and interleukin 6 (IL-6) (3). These cytokines recruit other immune cells associated with 

local inflammation for pathogen elimination; and, therefore, any dysregulation of inflammatory 

cytokines production results in the development of inflammatory or autoimmune diseases (3). 

They could, therefore, be a promising therapeutic targets.  

 

1.1.1 The Immune System 

The immune system is based on two arms: the innate, non-specific immune system and the 

adaptive, specialized immune system (3). Both systems use cellular and humoral defense 
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mechanisms, the first is defense cells in tissues and the latter is defense cells in blood and body 

fluids (3). The host uses both innate and adaptive mechanisms to detect and eliminate pathogenic 

microbes (1). In early immune response, the non-specific innate system initiates fast action and 

recruits immune cells rapidly to the site of infection or inflammation through cytokines and 

chemokines production (2, 3). The most important innate immune system cells are neutrophils and 

macrophages, which are effective phagocytes that act as the first line defense against foreign 

bodies (2, 4). They engulf foreign bodies and release enzymes that digest proteins, a process called 

phagocytosis (2). These cells are more efficient when the pathogen is tagged by either antibodies 

or proteins from the complement system, which explains the fast response observed in secondary 

infections  (1). Phagocytes also help antigen-specific cells to easily detect microbes by digesting 

the marked pathogens to contain the infection, and then express the microbe antigen for easy 

detection (1). Thus, the innate immune response contributes to the activation of the antigen-

specific cells and, therefore, the synergism between the two immune responses is a critical step for 

an effective immune response. 

 

1.1.1.1 Innate Immune System 

The innate immune system is the non-specific, inherited immune defense mechanism encoded 

in the germ-line genes of the host (1). Innate immune system includes: I) Physical barriers such 

as, skin epithelial layer, epithelial mucus-lining, and cilia to clean the mucus layer (1).  II) 

Physiologic barriers such as, temperature, low pH, and chemical mediators, including complement 

system, which is a group of soluble proteins in biological fluids that tag pathogens for phagocytes, 

lysozyme, which cleaves bacterial cell wall, and interferon, which induces antiviral defense in 

neighboring non-infected cells (3). III) Inflammation is mainly due to leakage of vascular fluid 

from damaged or infected tissues that help in phagocytes chemotaxis to the area of infection (3). 

VI) Innate immune cells, which are white blood cells either found in tissues, such as macrophages, 

fibroblasts, mast cells, and dendritic cells or circulating in blood, such as monocytes and 

neutrophils (4). In addition, Natural killer cells are a type of cytotoxic lymphocyte that used to 

recognize virally infected or cancerous cells through detecting changes in cell surfaces (2). 

Collectively, the majority of these cells are known as antigen-presenting cells (APCs) that are used 

to detect microbe invasion or tissue damage with intracellular or extracellular expressed receptors, 
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known as pattern recognition receptors (PRRs) that bind to molecular patterns expressed on the 

surfaces of invading microbes (5). APCs are heterogeneous, specialized immune cells which 

mediate cellular immune response by presenting environmental antigens, such as ligands for TLR 

and other PRRs for recognition by T lymphocytes (6, 7). They are found in large numbers in the 

skin and mucosal sites, where pathogen encounter is most likely, and include dendritic cells, 

macrophages, Langerhans cells and B cells (7) (Fig. 1.1). 

 

1.1.1.2 Adaptive Immune System 

In contrast to the innate immune system, adaptive immune response is an antigen-specific 

system that deals with manipulative infections which is not resolved by the innate immune system 

mechanisms (1).  Different from innate PRRs, the antigen-specific receptors of the adaptive 

immune cells are encoded by germ-line genes that undergo somatic rearrangement to form vast 

number of specific T cell receptor (TCR) and immunoglobulin, B cell antigen receptor (Ig) genes 

(1, 6). Adaptive immune system is activated at a late stage and recruits specialized lymphocytes 

that possess the property of adaptation and memory, which further enhances fast response against 

second-time infection (2). Generally, adaptive immune system includes: Antigen-specific T-

lymphocytes, which are activated to proliferate in response to antigen presenting cells (APCs) (3). 

T-cells are specialized into T-helper cells (CD4 T cells), T-killer or cytotoxic-T cells (CD8 T cells), 

and memory-T cells (3). Through their TCR receptors, T-cells interact with antigenic peptides 

complexed with major histocompatibility complex (MHC), which is an immune cell surface 

protein expressed on APCs (8). Subsequently, subtype CD8 T cells interact with peptides 

expressed on MHC class I, expressed on nucleated cells. Antigens presented to MHC class I are 

intracellular either from the host genome of cells or from replicating virus. While, CD4 T cells 

react with MHC class II found on APCs in response to mainly bacterial antigen ligands, such as 

Toll-like receptors (TLRs) ligands (6). The other cellular tool for adaptive immune response is B-

lymphocytes, which differentiate either into memory cell that is used later in the future, or into 

plasma cells to produce antibodies (3). Antibodies are the integral humoral part in adaptive 

immunity, which are produced in response to signals received from T cells or other cells, such as 

dendritic cells (6) (Fig. 1.1).  
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Fig. 1.1. Schematic diagram of innate and adaptive immune systems (9).  

(Created with Biorender.com) 

 

 

1.1.2 Immune Response 

The response of innate immunity begins when pattern recognition receptors (PRRs) expressed 

in immune cells detect either pathogen-associated molecular patterns (PAMPs), such as microbial 

nucleic acids, lipoproteins, and carbohydrates, or damage-associated molecular patterns (DAMPs) 

released from damaged cells (5, 10). Then oligomerization of the receptor followed by assembly 

of the activated PRRs subunits occurs, which initiates signaling cascades leading to activation of 

mediators that promote attraction of leukocytes to the site of infection or injury (5, 10). Then these 

leukocytes, including macrophages, neutrophils, and dendritic cells phagocytose microbial 

https://www.researchgate.net/deref/http%3A%2F%2FBiorender.com
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elements and release more pro-inflammatory cytokines including TNF-α, IL-6, IL-12, and type I 

and II interferons (IFNs), which collaboratively attempt to contain the pathogen until highly 

specific, activated cells of the adaptive immune response are recruited to completely eliminate the 

infection (10, 11). Upon engulfment of a pathogen, antigen presenting macrophages express 

antigen peptides derived from the engulfed pathogen on the immune cell surface protein MHC 

class II in order to recruit CD4 T cells, one of the adaptive immune cells (6, 11). This connection 

between phagocytic immune cells and T-lymphocytes, therefore, shapes the link between innate 

and adaptive immunity.  

 

1.1.2.1 Inflammation 

Inflammation is a complex set of defense mechanisms acting complementary to restore 

homeostasis in body systems after injuries or infections (12). Inflammation is one of the 

mechanisms of the innate immunity and consecutively define the adaptive immune response 

against certain pathogens (10). Inflammation is triggered first when innate immune cells identify 

infection or tissue injury, then inflammatory response is activated, expressed in the form of 

redness, swelling, heat and pain (13). These inflammatory signs are mainly a result of the 

vasodilation due to the release of histamine, prostaglandins, and nitric oxide that leads to a 

noticeable increase in blood flow and accumulation of circulating leukocytes (10). Hand in hand, 

secreted cytokines from activated immune cells, such as TNF-α and IL-1 enhance the vascular 

permeability of leukocytes through rising the levels of leukocyte adhesion molecules on 

endothelial cells (5, 14). Also, inflammation is induced by allergens, which form antibody 

complexes that stimulate Fc receptors on mast cells, releasing histamine (10). 

 

1.1.2.2 Inflammatory Mediators 

A plethora of inflammatory mediators are secreted during different inflammatory responses 

and they are categorized to pro- and anti-inflammatory mediators (15). From the inflammatory 

mediators commonly associated with several inflammatory conditions are the cytokines (e.g., 

interferons, interleukins and tumor necrosis factor α), the chemokines (e.g., monocyte 
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chemoattractant protein 1), the eicosanoids (e.g., prostaglandins and leukotrienes), the Nitric 

oxide, and the transcription factor nuclear factor-κ B (NF- κB) (15). 

Cytokines are small proteins released from activated cells that mediate the innate immune 

response and regulate the function of other cells through cell-cell communication (1, 16). 

Cytokines can be considered as “hormones” of inflammatory responses, but unlike a hormone 

which is a primary product of a specialized cell, cytokines can be produced by many different cell 

types including those of the immune system and they are more potent than hormones (17). 

Cytokines are categorized into lymphokines, which are cytokines from lymphocytes, monokine, 

which are cytokines from monocytes, chemokine, which are cytokines with chemotactic activities, 

and interleukin, which are cytokines released by one leukocyte to act on another (18). Cytokines 

have autocrine and paracrine action, because they act on their secretory cells, and nearby or distant 

cells (18). Cytokines are grouped into pro-inflammatory, such as TNF-α, IL-1 𝛽, IL-6, and anti-

inflammatory, such as IL-10, IL-4, IL-11, and IL-13 (18, 19).  

An important pro-inflammatory cytokine, Tumor necrosis factor (TNF)-α is associated with 

multiple inflammatory diseases and cancers (15, 20, 21).  Similarly, Interleukins also possess pro-

inflammatory activity, including IL-1α, which stimulates the secretion of pro-inflammatory 

cytokines such as TNF-α and IL-1β, yet has been also associated with anti-inflammatory activity 

(22, 23). IL-6 and IL-12 family of cytokines mainly act as pro-inflammatory cytokines but can be 

also involved in some anti-inflammatory reactions (24-26). In contrast, IL-10 is a potent anti-

inflammatory cytokine, which hinders the action of many pro-inflammatory mediators maintaining 

tissue homeostasis and alleviating the damage from inflammatory exaggerated response (27-29).  

Chemokines, a subgroup of cytokines also contribute to the process of inflammation; they are 

chemo-attractants that drive the migration of inflammatory leukocytes, inflammatory lipid 

mediators, reactive free radical species, which are unstable and reactive molecules with unpaired 

electrons in the outer orbital, and bioactive amines and enzymes (1, 16, 30). They also affect 

angiogenesis and the activity of myeloid cells (17) 

Second to cytokines and chemokines, Eicosanoids, including Prostaglandin (PG) and 

leukotrienes (LTs) are involved in inflammatory response (15). Prostaglandin (PG) E2 is the most 

common PG in human physiology and pathology (15). Physiologically, it plays a role in regulating 

normal body temperature, gastric mucosal integrity, renal blood flow and the function of female 
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reproductive system; however, alterations in PGE2 activity results in pathological conditions, such 

as inflammatory diseases, abnormal changes in body temperature, and colorectal cancer (15, 31). 

PGs are synthesized from arachidonic acid, coming from cell membrane phospholipids, by the 

inducible enzyme COX-2 enzyme (31). While Leukotrienes (LTs), such as LTB4, are synthesized 

from arachidonic acid by 5-lipooxygenase (5-LOX) enzyme and are also linked to human 

inflammatory illness states and asthma (32-34).  

Indeed, it is known that immune cells liberate a number of reactive species at the site of 

inflammation leading to oxidative stress, which establishes the link between oxidative stress and 

inflammation (35). Nitric oxide (NO) is a physiological mediator that acts as a vasodilator and 

increases circulatory flow in the body (36). Although NO is a common inflammatory mediator that 

is important in host immune defense against infection, its overexpression is responsible for many 

inflammatory diseases (36). NO is generated by nitric oxide synthase (NOS) enzyme, which 

mainly exists in inducible NOS (iNOS) and endothelial nitric oxide synthase (eNOS) isoforms (15, 

37). This reactive nitrogen species can upregulate the expression of the pro-inflammatory genes 

through initiating an intracellular signaling cascade (38). 

Besides the aforementioned enzymes associated with inflammatory responses, the 

transcription factor NF-κB is highly involved in the pathophysiology of inflammation and cancer, 

and it is a fundamental regulator of immune responses induced by LPS or pro-inflammatory 

cytokines (15, 39-41). The NF-κB machinery in humans includes p50 and p65, which regulate 

both physiological and pathological processes (15, 39, 40, 42). NF-κB proteins are localized in the 

cell cytoplasm in a quiescent form bound to a family of inhibitory proteins, known as inhibitor of 

κB (I-κB), which blocks the nuclear translocation of NFκB (41, 43-46). When NF-κB is provoked 

with an inflammatory stimuli, the I-κB inhibitory proteins are phosphorylated and degraded, then 

NF-κB is translocated to the nucleus and activates the transcription of inflammatory-associated 

genes, such as those encoding iNOS, COX-2, and pro-inflammatory cytokines through binding to 

a consensus sequence in the promoter region of the target genes (40-42, 47). It has to be mentioned 

that the phosphorylation of I-κB in the resting state is directly inhibited by I-κB kinase (IKK), and 

that the inhibition of NF-κB activity has consistently been effective for controlling inflammatory 

diseases in animal models (41, 48-50).  
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1.1.3 Role of Macrophages and Phagocytosis in Inflammation 

Phagocytosis is an important defense mechanism against microbial pathogens; it depends on 

pathogen lysis followed by pathogen-antigen presentation (3). Macrophages is one of the 

phagocytic leukocytes that are distributed as a network among tissues, and accelerate the 

immediate detection of both invading pathogens and associated tissue damage (3, 5).  

Originally, macrophages are differentiated monocytes that are involved in host immune 

response (51). They release inflammatory signaling molecules, such as cytokines and chemokines, 

which in turn activate other immune cell types and chemotactically recruit other immune cells to 

the site of infection (52, 53). Physiologically, macrophages differentiate from hematopoietic stem 

cells in bone marrow, and exhibit heterogeneity that originates from their differentiation pathways 

from monocytes and also from different tissue microenvironments in the body (54, 55). Such 

heterogeneity in morphology, signaling, phenotype and response to stimuli is mainly due to the 

different functions required by macrophages in different tissues (56). They can adapt quickly to 

new stimuli, and have the ability to polarize and differentiate to osteoclasts, Kuppfer cells or 

dendritic cells depending on the physiological state (57-60).  

The polarization state of macrophages is dependent on the type of stimulation (4). 

Macrophages are classified as M1 or M2 subgroups, in terms of their surface markers and the types 

of secreted cytokines (61). The M1 macrophages (iNOS+, CD80+, MHCII+) are pro-inflammatory 

cells that are classically activated via TLR stimulation by LPS or IFN-γ, and usually secrete IFN-

γ and TNF-α (61, 62). On the other hand, M2 macrophages (Arg-1+, CD163+,CD206+) are anti-

inflammatory cells that are triggered by IL-4 or IL-10 (63, 64). Macrophages can also be activated 

innately via a humoral route through antibody or opsonins binding to cell Fc or complement 

receptors (65, 66).  

Activated macrophages are characterized by their great capacity to produce pro-inflammatory 

cytokines such as TNF-α, IL-1β, IL-6, IL-12, IL-23, and IFN- γ, and they release NO through 

iNOS overexpression (1, 67). Subsequently, M1 macrophages possess the ability to eliminate 

infections caused by bacteria, viruses or fungi (68, 69).  

On the contrary, M2 polarized macrophages via alternative activation can diminish the 

inflammatory process, which is caused by M1 polarized macrophages, by producing anti-
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inflammatory factors, such as IL-10 and transforming growth factor beta (TGF-β) (70). The M2 

polarized macrophages are thought to stimulate tissue repairing mechanisms post inflammation 

(71).  

 

1.1.3.1 Pattern Recognition Receptors (PRRs) 

The innate immune system, including macrophages and other innate immune cells are activated 

through the previously mentioned germ-line encoded PRRs which recognize PAMPs and DAMPs 

(10, 11). DAMPs are endogenous molecules in cells that are released in cases of cell damage or 

stress, and they include heat shock proteins, ATP, IL1a cytokine, uric acid, serum amyloid A, 

cytoplasmic proteins (S100A8 and S100A9), and the DNA-binding nuclear protein HMGB1 (5, 

10). While PAMPs are pathogen-derived molecules important for microbial survival, such as 

lipopolysaccharide (LPS), flagellin, and bacterial and viral nucleic acids (5, 10). PRRs include 

Toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like receptors (retinoic acid 

inducible), pentraxins and C-type lectin receptors (CLRs) (16). 

One of the essential and first-identified members of PRRs are TLRs (5, 16). They are expressed 

on various immune cells, including macrophages, dendritic cells (DCs), B cells, specific types of 

T cells, and even on nonimmune cells such as cardiac cells, fibroblasts and epithelial cells (1).  

TLRs are type I transmembrane proteins characterized by the extracellular leucine-rich repeats 

(LRRs) that recognize different microbial epitopes and has a cytoplasmic signaling domain similar 

to that of the interleukin 1 receptor (IL-1R), called Toll/Interleukin 1 receptor (TIR) domain, which 

is responsible for signal transduction (1, 4, 5, 72). TLR family was first identified in Drosophila 

flies, and now twelve members of the TLR family have been identified in mammals (5, 72) . 

Grouped as subfamilies, TLR1, TLR2, and TLR6 recognize lipids, TLR7, TLR8, while TLR9 

recognize nucleic acids (10, 11). Some receptor/ligand pairs are commonly known, such as TLR4 

and LPS, TLR5 and flagellin, TLR 1, 2, and 6 with lipoproteins (72). In addition, TLRs are either 

expressed on the cell-surface, e.g. TLRs 1, 2, 4, 5, and 6, or internalized to the endosome, e.g. 

TLRs 3, 7, 8, and 9 (5, 11, 72). Together with phagocytic-antigen presentation, the activation of 

TLRs lead to inflammatory cytokines expression, which further recruits antigen-specific cells (72). 

On this account, TLRs have a strong bond with the phagocytic process of bacteria, confirmed by 
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the phagocytic impairment in the absence of either TLR4/TLR2 or TLR signaling adaptor 

(MyD88) (72, 73). 

 

1.1.3.2 TLR4 signaling pathway during inflammation 

 Activation of signal transduction pathways by TLRs leads to the induction of various genes 

that function in host defense, including inflammatory cytokines, chemokines, MHC and co-

stimulatory molecules (72). Mammalian TLRs also induce multiple effector molecules, such as 

iNOS and antimicrobial peptides that can directly destroy microbial pathogens (10). Both TLRs 

depend on TIR domains to activate NF-κB and MAPK (mitogen activated protein kinases) and 

induce target genes, yet there are multiple differences in pathways induced by individual TLRs (5, 

72). Upon ligand binding (e.g. LPS), TLR4 dimerizes and induce the recruitment of intracellular 

adaptor proteins that triggers two standard models of signaling cascades: myeloid differentiation 

primary response gene 88 (MyD88)-dependent and Toll-interleukin-1 receptor domain-containing 

adaptor inducing interferon-beta (TRIF) - dependent pathways (10, 72).  

First, MyD88-dependent pathway originates from cytoplasmic TIR domain. The activation of 

MyD88 causes autophosphorylation of interleukin-1 receptor-associated kinases (IRAK), namely 

IRAK1, IRAK2, and IRAK4, which associate temporarily with TNF receptor-associated factor 6 

(TRAF6) (10, 72). This autophosphorylation and oligomerization for IRAK and TRAF6, 

respectively, will finally lead to the activation of IκB kinase (IKK) (in response to TAK1/TAB 

complex activation) and mitogen-activated protein kinase (MAPK), namely ERK, JNK, p38 (14, 

72). Then, succeeding signal dissemination results in the activation and the translocation of nuclear 

factor kappa B (NF-κB) to the nucleus and the subsequent activation of the activator protein-1 

(AP-1) transcriptional program, respectively (10). And both NF-κB and AP-1 control 

inflammatory responses through the induction of inflammatory cytokines, such as TNF-α, IL-12, 

and others (10, 72). Second, TRIF - dependent pathway, which mediates the late phase activation 

of NF-κB, primarily recruits TRIF, and this results in the ubiquitination of TNF receptor-associated 

factor 3 (TRAF3) which will induce TANK-binding kinase 1 (TBK1) binding to IκB (inhibitor of 

NF-κB) kinase epsilon (IKKε) ) (10, 74-78). Thenceforth, the TBK1-IKKε complex 

phosphorylates the transcription factor interferon regulatory factor 3 (IRF3), ultimately driving the 
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expression of interferon-beta (IFN-β), which induces STAT1-dependent genes encoding monocyte 

chemoattractant protein 5 (MCP-5), IFN-inducible protein 10 (IP-10) and iNOS (79, 80) (Fig. 1.2).   

 

 

Fig. 1.2. TLR4 signaling pathway (81). 

(Created with Biorender.com) 
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1.1.4 Role of miRNAs in TLR4 Signaling during inflammation 

miRNAs are short double-stranded, small, non-coding RNA molecules comprised of ~22 

nucleotides in length (82). They bind imperfectly to the 3` untranslated region (UTR) of a target 

mRNA sequence causing its down-regulation at the post-transcriptional level (83). UTR is found 

3′ to the coding region, and is considered the non-protein coding section of mRNA (84). miRNAs 

are currently viewed as essential regulators in key immune responses, for example regulation of 

maturation, proliferation, differentiation and activation of both innate and adaptive immune cells 

(85). TLR-responsive miRNAs are either up-regulated or downregulated after LPS treatment (85).  

In inflammatory reactions, the expression of the most miRNAs is triggered in an NF-κB-dependent 

manner after TLR stimulus (82). Thus, miRNAs expression is dependent on TLR stimulation, 

which is confirmed by the results of Baltimore lab demonstrating the relationship between miR-

146a and miR-155 upregulation in human monocytes with LPS stimulation (86-90). In this context, 

miRNAs are classified as either “early response miRNAs”, expressed rapidly after LPS stimulation 

such as miR-146 and miR-155 or “late response miRNAs”, expressed in macrophages at a later 

time after LPS treatment such as miR-21 (86-90). Not only expressed in response to TLR 

activation, miR-146a-5p, miR-155-5p, and miR-21 are also involved in the regulation of TLR 

downstream signaling through TLR-induced transcriptional factors (91, 92). In addition, miRNAs 

also target cytokines such as type I IFNs, TNF-α, IL-6, IL-12, and IL-10 and this has been indicated 

by the presence of binding sites for miRNAs on the mRNAs encoding for these cytokines and 

chemokines (93-95). The miRNAs: miR-21, miR-146a, and miR-155 are predominant in much 

miRNA research because of their expression levels succeeding TLR stimulation especially in 

macrophages (85) (Fig. 1.3). 

1.1.4.1 miR-146a 

First, miR-146a, one of the miR-146 family that is present in chromosome 5 and 10, is a 

significant key molecule in inflammatory response (85, 96-98). Upregulation of miR-146a has 

been reported in inflammatory diseases such as osteoarthritis and rheumatoid arthritis (99). A 

recent study illustrated that miR-146a play a role in the regulation of oxidized low‐density 

lipoprotein (oxLDL) accumulation and inflammatory response in macrophages through negatively 

regulating TLR4 and inhibiting the activation of TLR4-dependent signaling pathways (100-102). 

Another study illustrated the role of miR-146a as a negative regulator of type1 interferon response 
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in human peripheral blood mononuclear cells (PBMCs) (103). Furthermore, previous reports 

demonstrated that miR-146a negatively regulated TLR system through targeting TRAF6 and 

IRAK1 (components of the MyD88-dependent pathway for TLR-mediated signaling) (88, 104-

107). This mechanism of miR-146a has been also reported to be involved in regulating cytokines 

release and apoptosis in human dendritic cells (88, 108). IRAK2 and IRAK4 has been addressed 

as targets of miR-146a, which results in decreasing inflammatory cytokines (88, 104, 109). 

Moreover, increased expression of TRAF6 has been observed with 5q chromosomal deficient 

models, leading to impaired innate immune signaling causing leukemia and bone marrow failure 

(110). Also, miR-146a-5p has been shown to degrade IRF3 transcript in LPS-treated human 

monocytes (111). From this angle, a recent study showed that by targeting IRAK1, IRAK2, and 

TRAF6 in LPS stimulated macrophages, miR-146a sequentially suppresses the production of type 

I IFNs, TNF-α, IL-1𝛽, and IL6 (104, 106) (Fig. 1.3).  

 

1.1.4.2 miR-21 

Second, miR-21 is a cancer associated miRNA that induced by NF-κB activation, and acts as 

a negative regulator of TLR signaling inflammatory responses (85, 112). miR-21 inhibits MyD88 

and IRAK1 expression during hepatitis C viral infection in PBMCs (113). The role of miR-21 in 

LPS-induced RAW 264.7 macrophages has been reported in a Sheedy et al. study, in which miR-

21 downregulated the expression of programmed cell death protein 4 expression (PDCD4) (114). 

PDCD4 acts as a tumor suppressor protein that activates the pro-inflammatory mediators NF-κB 

and IL-6, and suppresses the anti-inflammatory cytokine IL-10 which inhibits induced levels of 

miR-155 (114, 115). Thus, miR-21 positively induced IL-10 production, and downregulated NF-

κB activity, controlling lethal LPS response (85, 114) (Fig. 1.3). 

  

1.1.4.3 miR-155 

Similar to miR-21, miR-155 is another tumor-associated miRNA that has a significant role in 

the TLR-mediated immune response and can target related signaling proteins, which are 

components of the NF-𝜅B pathway (82). miR-155 is most commonly known to enhance 

inflammatory reactions, evidenced by Baltimore et al. study which linked miR-155 upregulation 
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with mammalian inflammatory reactions (88, 116). Other studies, such as that of Tili et al. showed 

that miR-155 expression can have both positive and negative effects on NF-κB signaling proteins, 

however they supported the positive feedback of miR-155 on NF-κB pathway by increased serum 

TNF-α in miR-155 transgenic mice (117). In further support of the positive role of miR-155 in 

inflammation, miR-155 drives inflammatory cytokine production by targeting SH2 (Src homology 

2)-containing inositol phosphatise-1 (SHIP-1), which is a negative regulator of TLR2- and TLR4-

induced functions (118, 119). This results in a rise in the second messenger phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3), acting on PI3K/Akt, and subsequently boosting MAPK activity (120) 

(Fig. 1.3). 

However, Ceppi et al. identified the anti-inflammatory effect of miR-155 through targeting 

TAB2, inhibiting its activation of TAK1, and further NF-κB and MAPK in human monocyte-

derived DCs, thus acting as an anti-inflammatory agent (121). Therefore, miR-155 is an interesting 

and significant player in downstream inflammatory pathways (120) (Fig. 1.3). 
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Fig. 1.3. Role of miRNAs in TLR4 signaling. miR-155, miR-21 and miR-146a 

involvement in TLR4-induced immune response (120). 

(Created with Biorender.com) 
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1.1.4 In vitro models of macrophages role in inflammation 

Optimizing a model system that reliably and accurately reiterate significant cellular and 

molecular characteristics of inflammatory signaling in macrophages is crucial step for confident 

in vitro testing of anti-inflammatory drugs (56). In highlight of this, isolated primary macrophages 

and macrophage cell lines are commonly used in vitro as inflammation models; however, some 

differences are reported between the two models, in terms of differentially expressed genes and 

magnitude of induction/repression (122).  

Primary macrophages can either be human monocyte-derived macrophages (hMDMs) or 

mouse bone marrow-derived macrophages (BMDMs) (122). BMDM model is recommended for 

its easy culturing and propagation into large numbers (122). Also, isolated BMDMs from knockout 

mice facilitate studying the role of specific genes and pathways (122). While, hMDMs model is 

more physiologically-related because it comes from the natural host, and it is easily isolated from 

human blood monocytes and differentiated in vitro; however, it has an ethical drawback due to 

human sampling and exhibits genetic variations which affect results interpretation (122). 

Generally, primary cells have difficulty obtaining a true homogenous population and sensitivity, 

and they require additional nutrients and macrophage colony stimulating factor (M-CSF), which 

is normally secreted by RAW 264.7 (123, 124).  

Macrophage cell lines can either be human, such as THP-1 and U937, or murine, such as J774 

and RAW 264.7 (125, 126). The use of cell lines, on the other hand, has many advantages that is 

mainly related to their homogeneity, easy propagation in the laboratory, and no animal 

involvement; however, they may have some genetic and phenotypic differences because they are 

derived from transformed or immortalized cells (122, 127-129). 

The human monocytic cell lines (e.g. U937 and THP-1) require differentiation via addition of 

12-O-tetradecanoylphorbol-13-acetate (TPA), a phorbol ester stimulant that affects cell behavior 

through activation of protein kinase C and release of calcium, which might reflect on research 

outcome (56, 130-132). While, murine macrophage cell lines (e.g. RAW 264.7, J774A.1, and IC-

21) are used as models of macrophage activation in a plethora of studies because they are stable, 

immortal, mature, and have adherent phenotype (56, 133). They exhibit F4/80 and Macrophage-1 

antigen (Mac-1), such as CD11b maturity markers for macrophage-like phenotype (134, 135).  
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Besides, RAW 264.7 cell line is commonly used as inflammation models in different 

pharmaceutical screening research (56). The RAW 264.7 cells are monocyte/macrophage-like 

cells, originating from Abelson leukemia virus transformed cell line derived from BALB/c mice 

(61). These cells are being described as an appropriate model of macrophages (61). They are 

capable of performing pinocytosis and phagocytosis (61). Upon LPS stimulation RAW 264.7 cells 

increase NO production and enhance phagocytosis (61). Furthermore, these cells are able to kill 

target cells by antibody dependent cytotoxicity (136). Murine cells for in vitro use are usually 

characterized in respect to standard macrophage markers (F4/80, CD14, CD11b, Fc receptor) and 

reliable cytokine response to chemical stimuli (56). RAW 264.7 cells are phenotypically similar 

to BMDM primary cells, expressing closely upregulated levels of CD11b and F4/80 expression, 

and TLR4 and CD14 receptor expression profiles (56, 137). It is worth mentioning that CD14 is a 

preferentially expressed co-receptor on macrophages that binds to LPS together with TLR4 and 

initiates classical inflammatory responses (52, 55, 56). However, RAW 264.7 cells express lower 

levels of TNF-α and IL-6 than BMDMs, which have greater sensitivity to LPS-induced TNF-α 

compared with immortalized cell lines (56). Such differences warrant justification for the use of 

IFN- γ as an augmentation adjuvant stimulant with LPS for RAW 264.7 cell line enabling the host 

to respond quickly to relatively low doses of LPS and thereby activating antibacterial defenses 

(138). 

 

1.2 Anticancer chemotherapy 

Cancer is the second leading cause of death worldwide, a disease that has severe effects on 

human population (139, 140). A continuous investigation for new therapies become a critical 

demand (139). The last years have witnessed great developments in anticancer drugs, which are 

classified as either chemotherapy, hormonal therapy or immunotherapy (141). Most commonly 

used, chemotherapy includes a number of families that are defined by both their chemical structure 

and mechanism of action such as: alkylating agents, antibiotics, antimetabolites, topoisomerase I 

and II inhibitors, mitosis inhibitors, platinum compounds and others (141).  
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1.2.1 Anthracyclines Use in Chemotherapy: Doxorubicin and its family 

Extracted from Streptomyces bacterium in the early 1960s, anthracyclines play a major role in 

the treatment of many cancer types (142). Anthracyclines are listed among the World Health 

Organization (WHO) list of essential medicines (143). From the anthracycline family, doxorubicin 

(DOX) and daunorubicin (DAU), in particular, are the first choice drugs in the treatment of a wide 

variety of soft-tissue sarcomas and solid tumors, such as breast, stomach, uterine, ovarian, bladder 

cancer and lung cancers, in addition to haematological malignancies, such as leukemia and 

lymphomas (142, 144). Anthracyclines are used with a maximum recommended cumulative dose 

of 450 or 500 mg/m2 (145). However, their clinical use is hindered by tumor resistance and 

toxicity, especially cardiotoxicity with cumulative dose of DOX at 550 mg/m2 body surface area 

(145-149). Accordingly, numerous anthracycline analogues have been synthesized, such as 

epirubicin (EPI) and idarubicin (IDA), to overcome these limitations, but very few studies 

demonstrated improved clinical properties (150, 151). The structure differences in derivatives of 

anthracycline affected both their cytotoxicity and the time required to exert cytotoxic effect on 

tumor cells (152). Epirubicin is a stereoisomer of doxorubicin, having increased volume of 

distribution and longer half-life than doxorubicin, and idarubicin is a derivative of daunorubicin, 

which is more lipophilic with higher cellular uptake than daunorubicin (143) (Fig. 1.4).  
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Fig. 1.4. Chemical structures Doxorubicin (DOX), Daunorubicin (DAU), Epirubicin (EPI) and 

Idarubicin (IDA) (153). 

Structures are drawn using ACD/ChemSketch Freeware (https://www.acdlabs.com/resources/freeware/chemsketch/) 
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1.2.1.1 Anthracyclines Spectrum of Activity 

The anti-tumor activity spectrum of anthracyclines include a wide variety of haematological 

and solid tumor malignancies (146). They are involved in the chemotherapy regimens of many 

cancers; for example, 32% of breast cancer patients (154), 57 to 70% of elderly lymphoma patients 

(155, 156), and 50 to 60% of childhood cancer survivors are treated with anthracyclines (157). 

Anthracycline regimens, in comparison with those of non-anthracyclines, improve response rates 

in adult and pediatric patients with acute lymphoblastic leukaemia, with DOX and DAU 

accounting for complete response rates of 56 to 88% (158, 159). Daunorubicin is active against 

acute myeloid leukemia, producing complete remission rates in 50% of patients. And, the 

combination of DOX with cyclophosphamide, vincristine and prednisone has become standard 

therapy for most patients with diffuse large cell non-Hodgkin's lymphoma (159). While for solid 

tumors, DOX and EPI are used in the treatment of advanced breast cancer and also used in adjuvant 

regimens with early-diseased patients (159-161). Moreover, DOX monotherapy produced 

responses in approximately 24% of small cell lung cancer (SCLC) patients in phase II studies, 

while reaching higher response rates (40 to 100%) in combination regimens with 

cyclophosphamide and vincristine (159). As well, DOX is effective in patients with sarcoma, 

gastric cancer and advanced ovarian cancer; however, anthracyclines, generally, have limited 

effect against prostate cancer (146, 162, 163).  

1.2.1.2 Anthracyclines mechanism of action  

The pharmacological activity of anthracyclines as anti-cancer drug is related to intercalation 

between adjacent DNA base pairs and inhibition of topoisomerase II (Top2). Anthracyclines, with 

their planar structure, intercalates into the DNA and bind to both DNA and Top2 through non-

covalent interaction to form complexes that trigger cell death (146, 164, 165). This intercalation 

causes deformation of the DNA that leads to stabilization of the normally reversible topoisomerase 

II-DNA complex, resulting in the production of double-strand DNA breaks (146, 159, 166).  

Another mechanism of anthracyclines is the production of free radicals through enzymatic 

reduction of the anthracycline ring that gives a semiquinone free radical, resulting in the production 

of a hydroxyl free radical that cause damage to both healthy and tumor tissues through membrane 

lipid peroxidation (146, 167, 168). Additionally, the conjugation between the hydroquinone 

portion of the anthracycline molecule and intracellular ferric iron may result in nonenzymatic 
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production of free radicals (168). This free radical damage is more closely associated with the 

associated cardiotoxic effects of anthracyclines (146, 168).  

 

1.2.2 Anthracyclines Limitations 

1.2.2.1 Anthracyclines Resistance  

Anthracyclines and other Top2 inhibitors experience high levels of primary and acquired 

resistance in both solid tumors and haematological malignancies through P-Glycoprotein, the 

expression product of the MDR-l gene (169, 170). The protein functions as a transmembrane drug 

efflux pump, transporting anthracyclines out of the cancerous cell (169, 171). Some resistance 

modifying agents, such as verapamil, tamoxifen and cyclosporine has been used to reduce or 

reverse anthracycline resistance; however the clinical role of these agents is still unclear (169). 

1.2.2.2 Anthracyclines Inflammation and Toxicities  

DOX is a double-edged sword (145). DOX chemotherapy plays a prominent role in many 

cancer treatments and protects healthy cells; however, dose-dependent toxicity remains a critical 

side effect that limits its dosing and cancer treatment outcomes and damage non-target cells and 

tissues (143).  

Conventional toxicities of DOX is similar to any other anti-neoplastic agent, including low 

therapeutic index, and other reversible adverse effects, such as nausea and vomiting, alopecia, and 

stomatitis, which are developed within 5 to 13 days of anthracycline treatment (137, 143, 146, 151, 

172, 173). While, the classical dose-limiting adverse effects of this class of drugs are: acute 

myelosuppression and cumulative dose-related cardiotoxicity (146). Myelosuppression, especially 

neutropenia, occurs in 60 to 80% of patients on doxorubicin regimens (146). While, cardiac 

toxicity remains the most critical among all toxicities because of the increased cardiovascular 

morbidity and mortality (60, 143, 151).  

 

 

 



22 
 

1.2.3 DOX-induced cardiotoxicity  

The use of DOX as antineoplastic agent is mainly limited by the dose-dependent, cumulative 

cardiotoxicity (174), which is often irreversible and manifested as dilated cardiomyopathy with or 

without symptoms of heart failure (HF) (175). Congestive heart failure (CHF) is developed in 

approximately 5% of DOX treated patients, with mortality of almost 50% (146, 175). 

Chronologically, cardiotoxic effects of anthracyclines range in severity, and are classified by their 

time of onset as acute, occurring during or immediately after infusion; early, occurring within 1 

year of exposure; and late, occurring after 1 to 20 years of initial exposure (176). Acute DOX-

induced cardiotoxicity is a reversible process manifesting itself by disturbances in electrical 

conduction of prolonged QT and nonspecific T-wave changes, and arrhythmias (176). In contrast, 

both early and late anthracycline-induced cardiotoxicity (AIC) is manifested as decreased left 

ventricular (LV) function, diminished exercise capacity, and progressive heart failure symptoms 

(176). The risk for early and late AIC is a function of cumulative anthracycline exposure (177). 

Although the pathogenesis behind DOX-induced cardiomyopathy is still not well recognized, 

several studies have shown that DOX exerts a complex of biochemical effects on the myocardium, 

ranging from binding to DNA and alteration of nucleic acids to protein synthesis and lipid 

peroxidation after free radical generation, as well as, generation of histamine and catecholamines, 

mitochondrial damage, excess calcium influx and changes on collagen matrix and different cellular 

membranes (178). Also, myocardial tissues lack free radical-scavenging enzymes, unlike normal 

tissues and, therefore, are susceptible to free radical damage (146, 168). Conclusively, a 

combination of these effects probably trigger DOX-mediated cardiomyopathy (178). 

 

1.2.3.1 Mechanisms of DOX-induced Cardiotoxicity 

The mechanism of DOX-induced cardiotoxicity is likely to be multifactorial (165). It can be 

direct cardiomyocyte injury (143), and/or indirect cardiac damage secondary to inflammation 

(179). It also involves free radical-induced oxidative stress through ROS generation, and 

mitochondrial dysfunction (180-182). 
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 The Role of Oxidative Stress and Reactive Oxygen Species 

Production of hydroxyl free radicals is associated with DOX anti-tumor activity to cancerous 

cells and toxicity to healthy ones (146). Anthracyclines interfere with redox cycling and catalyze 

reactive oxygen species (ROS) generation, which results in DNA damage (183). Enzymatically, 

the quinone moiety of DOX is reduced to semiquinone free radical in myocardial cells through 

NADH dehydrogenase of the mitochondrial electron transport chain, then oxidizes to produce the 

parent anthracycline and superoxide anions in the mitochondria, causing cardiotoxicity (184, 185). 

This redox cycle is mainly due to cationic DOX affinity to a phospholipid located within the inner 

mitochondrial membrane at the site of the respiratory chain called cardiolipin, which is required 

for the proper functioning of electron transport chain proteins (151). Anthracycline-cardiolipin 

complex is reduced by NADH, drawing an electron away from the mitochondrial respiratory chain 

and subsequently reducing oxygen to form a superoxide anion radical (185). Subsequently, these 

formed free radicals cause damage to multiple cellular components, such as lipids of the cell 

membrane, proteins, and nucleic acids. Moreover, mitochondrial function impairment causes 

energetic metabolism change evidenced by a decrease of the adenosine triphosphate (ATP) 

production, which may contribute to abnormal contraction and relaxation in the failing heart (172, 

186, 187). Thus, ROS generation is an important mechanism in anthracycline-induced cell death 

(188). Non-enzymatically, the direct interaction between anthracylines and intracellular ferric iron 

(Fe3+) produces DOX-iron complexes that form toxic hydroxyl radicals, resulting in impaired 

mitochondrial function, cellular membrane damage, and cytotoxicity (189, 190). Increased ROS 

levels may be also due to the free cellular iron and resulting ferrous-ferric cycling of molecular 

iron from damaged cells (190). Other forms of DOX-induced ROS generation in the myocardium 

include NOSs oxidases pathway, which interact with DOX and induce nitrosative stress that 

worsen mitochondrial dysfunction (172, 191-193). NOS are a group of enzymes responsible for 

the NO production from L-arginine and oxygen (194). And, several studies illustrated the effect of 

DOX on the signaling of NOS evidenced by its increased transcription and protein activity (195, 

196). There are two isoforms of the NOS enzymes involved in DOX-induced cardiotoxicity (DIC): 

eNOS, a membrane-bound enzyme, and  iNOS, a soluble enzyme; thus the localization of these 

two enzymes in the cells is different (197). Alterations in NO production develop when DOX 

directly binds to eNOS reductase domain, leading to the reduction of DOX semiquinone radical 

which further reacts with oxygen and produces superoxide (151). In addition, recent studies 
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suggest that the other isoform iNOS is also involved with DOX-induced oxidative stress, 

evidenced by increased iNOS transcription and expression in mouse and rat hearts and isolated 

cardiomyocyte after DOX treatment (151, 198, 199). Altogether, these studies highlight the 

importance of NOS signaling in DIC (151). 

 The Role of Topoisomerase 2β (Top2β) 

Despite the fact that free radical production play a major role in the direct oxidative damage to 

cellular components, the aforementioned anthracycline intercalation into DNA remains a common 

postulated mechanism of DIC (165). DNA topoisomerases (Top) induce temporary single or 

double-stranded breaks to regulate the topological changes during DNA replication and 

transcription (200). Recent studies suggest that the isozyme Top2β, which is the only Top2 

expressed in adult mammalian cardiomyocytes, plays a role in ROS production (201). Similar to 

Top2α, which is overexpressed in proliferating cancerous tissues, Top2β is another anthracycline 

target (143, 202). The cytotoxic effect of DOX takes place through binding to DNA and Top2 

isoenzymes, giving a ternary Top2-doxorubicin-DNA complex that prevents further DNA and 

RNA synthesis, which is likely to contribute to the death of myocytes and mitochondrial mutations 

(203, 204). When bound to Top2α isoenzyme, this complex inhibits DNA replication and arrests 

the cell cycle in G1/G2 phase, inducing apoptosis as intended in proliferating malignant cells 

(204). When bound to Top2β isoenzyme, however, it suppresses peroxisome proliferator-activated 

receptor (PPAR), which regulates oxidative metabolism, resulting in mitochondrial dysfunction 

and apoptosis (143, 205). It is worth mentioning that Top2β is essential for DOX binding to DNA, 

which is confirmed by DIC protection in Top2β knockout mice (143, 204, 206, 207). 

 Apoptosis 

Oxidative stress and the resulting intracellular oxidants, such as hydrogen peroxide and 

superoxide from these events induced apoptosis of cardiomyocytes through the activation of P53 

tumor suppressor pathway (143, 175).  
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1.2.3.2 Role of Immune Response in DOX-mediated Systemic Inflammation 

Immunology plays an important role in DIC progression through activation of innate and 

adaptive immunity, by which DOX stimulates the release of cytokines and inflammatory markers, 

including TNF-α, IL-6, IL-1β, p38 MAPK and NF-κB (208). In addition, DOX up-regulates the 

expression of cell surface death receptors (DR), including DR1, DR4 and TNF1 receptors in 

cardiomyocytes, and most importantly, toll-like receptor (TLR)  that activates NF-κB leading to 

cardiac damage (209). In contrast to the innate resident macrophages within the normal 

myocardium, polarized macrophages migrating from blood after being triggered by an 

inflammatory response have a different configuration (16). After a myocardial infarction incident, 

infiltrating pro-inflammatory M1 macrophages with activated TLR4 by necrotic myocardium 

invade the injured heart for clearance and functional restoration of cardiac homeostasis, then 

followed by anti-inflammatory macrophages M2 (16). Chronic activation of macrophage, 

however, can lead to adverse myocardial effects, which is confirmed by the direct involvement of 

macrophages in cardiomyocyte hypertrophy and the elevated cytokines in heart failure patients 

(16). Yet, the mechanism behind TLR pathway activation by DOX remains unclear (16). 

Therefore, the relationship between recruited macrophages, expressing TLR-4 and doxorubicin-

induced cardiomyopathy is an open question that has been answered in part by Wang et.al study 

addressing the role of gut endotoxin leakage and TLR-4 upregulation in DIC (179). It has been 

shown that DOX disrupts the intestinal epithelium barrier, which results in endotoxin leakage from 

gut flora into circulation. Concurrently, DOX increased TLR4 expression in macrophages, which 

further enhanced the sensitivity of activated macrophages to endotoxin and exacerbated organ 

damage (179). Collectively, this led to DOX-induced systemic inflammation, which serves as a 

new mechanism for the multi-organ toxicity of DOX in the body (179). In support of this view, 

recent studies suggested that the circulating endotoxin originated from gut microflora, and its 

subsequent systemic inflammatory responses significantly contributed to the pathology of heart 

failure, which has been confirmed by the marked suppression of inflammatory response in multiple 

organs after the elimination of intestinal microflora in DOX-treated animals (179, 210). Besides 

DOX, LPS and ROS, and other inflammatory mediators, such as IL-6 and IFN-γ have been 

reported for their contribution to DOX-mediated systemic inflammation and to the upregulation of 

TLRs, such as TLR-9, TLR-2, and TLR-4 (179, 211, 212). Altogether, this illustrates the role of 

immunotoxicology in the pathogenesis of cardiotoxicity demonstrated in cancer patients 



26 
 

undertaking chemotherapy (213). Therefore, either antibiotics administration for elimination of 

gut-flora or inhibition of TLR-4 can be potential approaches to prevent or alleviate the adverse 

effects of DOX and other chemotherapeutic agents (179) (Fig. 1.5). 

 

 

 

Fig.1.5. Schematic diagram illustrates the role of DOX in TLR4 signaling activation in 

macrophages.  

(Created with Biorender.com) 

 

Macrophage 

https://www.researchgate.net/deref/http%3A%2F%2FBiorender.com
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1.2.3.3 DOX-Induced Cardiotoxicity Management  

New trends have been presented in attempt to alleviate DOX toxicities and multidrug resistance 

in patients (214). AIC may be reduced or prevented by administration of DOX dosage that 

produces low peak plasma drug concentrations, or administration of dexrazoxane, an iron-

chelating agent that provides cardioprotection (214). Also, liposomal encapsulation of DOX or 

DAU has been developed with promising results to improve the pharmacokinetic properties in 

preclinical studies; however, many nanodrugs fell short of expectations when tested in patients 

(146, 214). Interestingly, a new era of naturally plant-derived compounds in chemotherapy has 

been developed, exhibiting strong anti-inflammatory properties with less toxic side effects 

compared to the current conventional treatments (139). Today, medicinal plant-derived 

compounds became potential adjuvants in chemotherapy (30, 139).  

 

1.3 Anti-inflammatory Compounds  

Inflammation is a normal response to infection, but when it is chronic, it may result in 

autoimmune or auto-inflammatory disorders, neurodegenerative diseases, or cancer (17). Thus, 

different anti-inflammatory agents have been developed, including aspirin and other nonsteroidal 

anti-inflammatory drugs (NSAIDs) (17, 215). In addition, biologics, such as anti-cytokine 

therapies and small molecules blocking the activity of kinases are recently involved (17). Other 

anti-inflammatories include statins, PPAR agonists, and plant-derived anti-inflammatory agents 

(15, 17). 

 

3.11.1 Classes of Anti-inflammatory agents 

 Acetylsalicylate or Aspirin 

First, the world’s most used therapeutic agent, Acetylsalicylate or Aspirin, was first 

synthesized by Fleix Hoffman in 1859 (215). Aspirin is commonly used as antipyretic, anti-

inflammatory, and analgesic (215). It inhibits COX enzymes (COX-1 and COX-2) that synthesize 

the inflammatory mediators, PGs, especially PGE2 that is used to lower pain threshold, and 

thromboxanes, which have anti-thrombotic activity (17). In addition to COX system inhibition, 
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aspirin has also been found to inhibit NF-κB pathway (47). However due to their non-selectivity, 

aspirin and nonselective NSAIDs’ exhibited critical side effects, including gastrointestinal upset, 

gastritis, ulceration, hemorrhage, and even death (47).  

 

 NSAIDs 

Generally, there are two COX isoenzymes, the constitutive COX-1, which makes vasodilator 

PGs that protect the kidney and intestinal mucosa from damage, and the inducible COX-2, which 

is associated with infections or inflammatory diseases and is induced by inflammatory cytokines, 

such as TNF-α and IL-6 to produce more PGs which contribute to the pain and swelling of 

inflammation (17, 215). The selective COX-2 inhibitors, NSAIDs have been developed with less 

side effects on the kidney and stomach, and have gained this name because they were distinct from 

glucocorticoids (the second major group of anti-inflammatory drugs) (17, 215, 216). The most 

common NSAIDs are antipyrine, phenacetin, phenylbutazone and, more recently, the fenamates, 

indomethacin, naproxen, etc. (215). Selective NSAIDs inhibit COX-2, which interfere with the 

synthesis of prostaglandins, particularly PGE2 and also inhibit NF-κB pathway (17, 47, 215). They 

effectively alleviate the swelling, redness, fever and pain of inflammation (215). COX-2 inhibitors 

have been used efficiently in reducing pain in patients with osteoarthritis or rheumatoid arthritis, 

and also used to decrease the risk of colon cancer (215, 217-219). Despite the fact that COX-2 

inhibitors significantly reduced gastrointestinal side effects that are common with COX-1 

inhibitors, however, their chronic use has been associated with kidney damage and 

cardiovascular/cerebrovascular diseases (17, 215).  

 

 Prostaglandin Agonists and Phosphodiesterase-4 Inhibitors 

From another prespective, prostaglandin agonists and phosphodiesterase-4 (PDE-4) inhibitors 

are used as anti-inflammatory agents (17). Despite the inflammatory effect of PGE2, it is 

considered one of the most immunosuppressive natural products of inflammation when agonist 

selectively bind to EP4, one of the four receptors for PGE2 (17). Therefore, selective EP4 agonists 

are anti-inflammatory agents, reducing levels of pro-inflammatory cytokines, chemokines, and 

adhesion molecules. PGE2 are effective inhibitors of IFN-γ , IL-2 and TNF-α production due to 
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upregulating intracellular levels of cyclic AMP (cAMP) (17). In addition, analogs of 

prostaglandin-I2, including iloprost, cicaprost, treprostinil, inhibit proinflammatory cytokines, 

including IL-12, TNF-α, IL-1α, and IL-6, as well as, chemokines, such as MIP-1α and MCP-1 

through increasing cAMP levels (220).  

Besides PGE2, PDE-4 inhibitors, such as rolipram, roflumilast, piclamilast, and pentoxifylline, 

are anti-inflammatory and immunosuppressive acting through inhibiting cAMP breakdown (17). 

PDE-4 inhibitors decrease NF-κB binding and suppress cytokine production and neutrophils 

degranulation, as well as, TNF-α-induced neutrophil adherence to endothelial cells, constitutively 

responsible for inflammation (17).  

 

 Glucocorticoids 

The synthetic forms of natural cortisol known as glucocorticoids are widely used to treat many 

inflammatory diseases, especially chronic inflammatory and autoimmune diseases, and also used 

in acute cases, such as gout (17). A major mechanism of glucocorticoids is reducing the expression 

of cytokine-induced genes; they act intracellularly through binding to the cytoplasmic steroid 

receptor, and then the glucocorticoid-steroid receptor complex is translocated into the nucleus and 

binds to specific DNA sequences that results in suppressing the transcription of the genes encoding 

for the pro-inflammatory cytokines via inactivating AP-1 and NF-κB transcription factors (17). 

Subsequently, they downregulate the expression of T cell growth factors encoding genes, such as 

IL-2, IL-4, IL-15, IL-17 and IFN-γ, as well as, the expression of genes encoding for COX-2, iNOS, 

and intracellular adhesion molecule-1 (ICAM-1), which are normally induced by IL-1β and TNF-

α cytokines (17). They also increase the expression of genes encoding for anti-inflammatory 

molecules, such as IL-10 cytokine and IL-1 type 2 decoy receptor (17). 

 

 Biologicals 

Besides glucocorticoids, biologicals have been developed to treat inflammation, such as anti-

cytokines, and agents that block lymphocyte trafficking into tissues, preventing the binding of 

monocyte-lymphocyte costimulatory molecules, or depleting B lymphocytes (17). As previously 
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mentioned, pro-inflammatory cytokines, including TNF-α, IL-1β, and vascular endothelial growth 

factor (VEGF) play central roles in inflammation (17). Therefore, anti-cytokines are used to 

neutralize the activity of specific cytokines or their receptors, including drugs that reduce the 

activity of TNF-α (e.g. adulimumab, golimumab, certolizumab and etanercept) and drugs that 

reduce IL-6 activities (e.g. MEDI5117 and toculizumab) (17). Other drugs are used to neutralize 

IL-12, IL-23, and IL-17 (e.g. ustekinumab and AIN457/LY24398) (17). Additionally, T or B 

lymphocytes acting agents (e.g. daclizumab and eplizumab , for T lymphocytes, and ituximab, 

crelizumab, ofatumumab, epratuzumab and belimumab, for B lymphocytes) (17). Collectively, 

anti-cytokines block the activity of the pro-inflammatory cytokines: IL-1, TNF-α, IL-6, IL-12, IL-

17, IL-18, or IL-23 that further activate T cells, therefore, successfully reduce inflammation (17). 

Despite the benefits of neutralizing pro-inflammatory cytokines, anti-cytokine therapy may 

decrease host immune defense against infection and cancer, yet its less toxic effects, compared to 

glucocorticoids, outweigh the risks (17). Also, chemokines can be counteracted by a chemokine 

receptor antagonists used to treat Crohn’s disease, which is an autoimmune inflammatory bowel 

disease (221). 

 

 Kinases Inhibitors 

Acting downstream of cytokine receptors, kinases have become new targets to mitigate 

inflammation (17, 222). Intracellular signaling kinases are involved in phosphorylating 

intracellular proteins, including auto-phosphorylation (17). One of the important kinases is p38 

MAPK, which regulates several fundamental mediators of inflammation, including cytokines, 

chemokines, COX-2, and NOS (17, 222). Hence, inhibitors of the p38 MAPK, especially the α-

isoform, managed to suppress IL-1β and TNF-α production in endotoxin-stimulated human 

monocytes (17). Since kinases are employed in normal cellular functions, the concentrations of 

kinases inhibitors require careful determination in order not to elicit organ toxicity, such as hepatic 

toxicity (17). 
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 Complement system Inhibitors 

Another way to tame inflammation is through inhibition of activated complement (17). 

Complement activation gives the terminal component, complement 5a (C5a), which binds to its 

receptor C5aR and triggers the synthesis of cytokines, chemokines, and adhesion molecules with 

subsequent infiltration of myeloid cells into the area of injury (17). Being involved in almost all 

inflammatory processes, activated C5a is a major cause of acute inflammation, therefore, natural 

inhibitors of complement activation, such as C1 inhibitor and soluble complement receptor 1-

related gene/protein y (Crry) successfully inhibit all complement activation pathways (223), 

improving multiple diseases, such as rheumatoid arthritis, immune complex diseases, psoriasis, 

lupus nephritis, acute lung injury, myocardial and cerebral infarction, and renal ischemia (17). In 

addition, the monoclonal antibodies (e.g. eculizumab and pexelizumab) against C5 have been used 

in many inflammatory conditions, including paroxysmal nocturnal hemoglobinuria and acute ST-

elevation myocardial infarction (17). Besides monoclonal antibodies, serine protease inhibitors 

that target the formation of the C3/C5 convertases can be used in preventing the inflammatory 

sequelae of complement activation through the direct inhibition of serine proteases (17). Another 

approach is using orally active convertase inhibitors or C5aR antagonists for treating chronic 

inflammatory conditions that target inflammation by preventing the generation of C5a or blocking 

C5aR (17). 

 

 Statins 

Statins are synthetic, safe class of drugs that have anti-inflammatory properties. They are used 

normally to lower endogenous cholesterol synthesis, especially in patients at high risk for 

myocardial infarction with elevated levels of LDL (17). From anti-inflammatory perspective, 

Statins have been used to reduce inflammation and tame immune cell activation because they 

reduce cytokine production and expression of endothelial adhesion molecules, and they decrease 

MHC II expression, without significant effect on MHC I (17). Yet, not enough studies are available 

on the anti-inflammatory properties of statins (17).  
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 Resolvins 

Also, resolvins, a group of molecules naturally derived from omega-3 fatty acids, are 

developed as anti-inflammatory agents (17). Physiologically, resolvins are employed in anti-

inflammatory actions that coexist with inflammation, while synthetically, resolvins are currently 

in clinical trials for treating local inflammatory conditions (17, 224). The anti-inflammatory 

activity of omega-3 is known to be mainly through suppressing the infiltrating neutrophils and 

macrophages, and downregulating the expression of TNF-α, IL-1β, and VEGF (17, 224, 225). 

 

 Peroxisome Proliferator-activator Receptors (PPARs) 

In addition, PPARs are members of the nuclear receptor superfamily (17). They heterodimerize 

with retinoid X receptor (RXR), leading to downstream effects regulating glucose metabolism. 

(17). PPARs are expressed as: PPARα, PPARβ/δ, and PPARγ (17). PPAR agonists can be either 

endogenous, such as prostacyclin, or orally active synthetic ligands for PPARγ, such as 

rosiglitazone, pioglitazone, troglitazone, and fenofibrate, known as thiazolidinediones (glitazones) 

class that is used for type 2 diabetes (17).   In addition to their anti-diabetic effect, PPAR agonists 

possess anti-inflammatory activity demonstrated through their intracellular mechanisms by 

targeting the gene expression of pro-inflammatory cytokines, cell adhesion molecules, COX-2 and 

iNOS (17). The anti-inflammatory effect of pioglitazone is evidenced by a reduction in the gene 

expression of TLR2, TLR4, IL-1β, TNF-α, IL-6 in human blood monocytes in vitro, as well as, 

the expression of LPS-induced TLR2 and TLR4 on peritoneal macrophages in vivo (226). Despite 

their significant anti-inflammatory activity, PPAR agonists, such as rosiglitazone clinically 

showed increased risk of heart failure, which is lower with pioglitazone (227).  

 

 Anti-inflammatory herbal medicines 

Lastly, the use of anti-inflammatory herbal medicines has been known since the ancient past 

and was documented in historical books (228). Nowadays, The use of plant products is becoming 

an effective and safer alternative for conventional steroidal and NSAIDs medications in chronic 

inflammatory diseases (47). In the past, tons of studies have addressed the potent anti-
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inflammatory activities of different plant products (81). The next part will only highlight the recent 

data published on herbal medicines used in mitigating inflammation and will focus mainly on the 

use of curcumin, resveratrol, and sulforaphane and their underlying mechanisms generally in 

inflammatory response, and particularly in DOX-mediated systemic inflammation that leads to 

DIC. 

 

1.3.2 Plant-derived anti-inflammatory compounds  

Nowadays, half of the drugs in clinical use is of natural origin (229, 230). Natural products are 

becoming a promising source for the treatment of several inflammatory conditions (231, 232). In 

particular, the most promising anti-inflammatory herbal extracts were identified to influence key 

TLR signaling pathways and macrophage repolarization (233). Generally, diverse plant derived 

products are important secondary metabolites in plants that play key roles in defense, protection, 

nutrition and growth of the plant (229, 230, 232, 234). These secondary metabolites possess potent 

anti-inflammatory properties and are categorized as: I) phenolic compounds, including flavonoids, 

condensed tannins and gallotannins, II) glucosinolates, III) coumarins, IV) alkaloids, V) saponins, 

VI) sterols, and VII) terpenoids (235).  

 

 Phenolic Compounds 

Phenolic compounds act through inhibiting some molecular targets of pro-inflammatory 

mediators in inflammatory responses (236). For example, gallotannins and condensed tannins 

(proanthocyanidins) play a major pharmacological role as anti-oxidants because of their strong 

free radical-scavenging properties and inhibitory effect on particular enzymes such as COX 

enzymes (235, 236). They have anti-inflammatory and anticancer effects (235). Also, flavonoids 

are another class of polyphenolic compounds that are categorized into flavonols, flavones, 

catechins, flavanones, anthocyanidins and isoflavonoids (235). Similarly, they act as antioxidants 

in inflammation and also block COX-2 activity, and they also act as blockers to cytokines, NF-кB 

and matrix metalloproteinases (235, 236). Additionally, flavonoids exhibit antimicrobial, antiviral, 

antiulcerogenic, cytotoxic, antineoplastic, mutagenic, antihepatotoxic, antihypertensive, 

hypolipidemic and antiplatelet activities (237). 



34 
 

 Glucosinolates 

Glucosinolates are sulfur-containing secondary metabolite group in plants, mainly found in 

Brassicaceae family, including broccoli, cabbage, cauliflower, and mustard (238). Recent studies 

showed that glucosinolates have regulatory functions in inflammation and stress response, as well 

as, phase I metabolism, antioxidant activities, and direct antimicrobial properties (238). When 

unprocessed cruciferous plants are consumed, glucosinolates are hydrolyzed by myrosinase 

enzyme present in these plants into various metabolites, such as isothiocyanates, nitriles, 

oxazolidine-2-thiones, and indole-3-carbinols (239). From these metabolites, isothiocyanates are 

known for their potent anti-inflammatory properties, and apoptosis induction in cancer cells, as 

well as, their anti-fungal and anti-bactericidal activities (239).   

 

 Coumarins 

Coumarins represent a versatile family of compounds which has remarkable anti-inflammatory 

and antioxidant activities (235). Similar to phenolics, coumarin derivatives, such as olumbianetin 

(A) and libanoridin (B), possess some antioxidant capacity through scavenging superoxide anion 

radicals, and some of them block both lipoxygenase and cyclooxygenase pathways of arachidonic 

acid metabolism (235, 240).  

 

 Alkaloids 

Alkaloids, such as isoquinoline, indole and diterpene, are significant anti-inflammatory agents 

that act by inhibiting the synthesis or the action of some proinflammatory cytokines (235, 236). 

Also, Alkaloids have anti-inflammatory, immunomodulatory and antimalarial activities (235).  

 

 Saponins 

Saponins, including saikosaponins and ginsenosides, are steroid or triterpene glycosides that 

include many biological compounds (235). Their underlying anti-inflammatory mechanisms 
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involve indirect and direct corticomimetic activity, inhibiting glucocorticoid degradation, 

enzymatic formation, and inflammatory mediators release (235). 

 

 Phytosterols 

Phytosterols, being an important component of plant biomembranes, are biogenetic precursors 

of multiple metabolites, such as plant steroid hormones (235). They have anti-atherosclerotic 

properties, mainly due to lowering LDL cholesterol, and their effects on coagulation and 

antioxidant systems, as well as, hepatic and lipoprotein lipase activities (235). However, the only 

source to their consumption is through diet since they cannot be synthesized (235). 

 

 Terpenoids 

Terpenoids and essential oils, such as menthol and camphor, are volatile, natural, complex 

compounds called “terpenes”, and are found in isoprene structured compounds (235). It has been 

reported in several studies that mono and sesquiterpenes have potent anti-inflammatory effect 

(241). Also, these  compounds have antiseptic activity, bactericidal, and fungicidal activities, and 

they are used as antimicrobial, analgesic, sedative, anti-inflammatory, spasmolytic and as local 

anesthetic agents (242). 

 

1.3.3 TLR4-acting Plant-derived Anti-inflammatory Compounds  

In the context of TLR4 pathway in inflammation, TLR4 antagonists were developed 

synthetically (e.g. eritoran and TAK-242) and naturally (e.g. epigallocatechin-3-gallate and 6-

shogaol) (233, 243-247). Recently, several studies started to focus on Chinese herbal medicines as 

a new oral treatment for inflammatory diseases, mainly due to their safety and easy oral 

administration (233). However, some of these herbal medicines have unidentified active 

compounds and potential targets, but certain phytochemicals, such as curcumin (CUR), resveratrol 

(RES), and sulforaphane (SFN) were reported to inhibit the activation of TLR4 signaling and 

reduce LPS-induced COX-2, NF-κB expression and pro-inflammatory cytokines production, (81). 
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With no structural similarity to LPS, CUR, RES, and SFN have been reported in many studies for 

their TLR4 antagonistic effects that are summarized in Table 1.1 (30, 233, 248). 

 

1.3.3.1 Curcumin (CUR)  

First identified in 1910, CUR (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-

dione), also called diferuloylmethane, is a naturally occurring yellow pigment that is the main 

natural polyphenol obtained from turmeric (Curcuma longa), a flowering plant of the ginger family 

(249, 250). The lipophilic polyphenol, CUR has demonstrated activity on the cellular level, as well 

as, the molecular level through targeting multiple signaling molecules, which has supported the 

pleiotropic actions of curcumin (251, 252). The diverse bioactive effects of CUR include: anti-

bacterial, anti-inflammatory, antioxidant, antitumor, and anti-atherosclerotic effects (253-257). 

Although CUR has infinite therapeutic benefits, its main advantage is mainly because of its 

antioxidant and anti-inflammatory effects (251, 258). 

Traditionally, CUR is widely used in food as a curry coloring or flavoring spice and in Chinese 

and Indian medicine as an anti-inflammatory agent, for digestive disorders, and wound healing 

(47). CUR supplements are taken three times per day, with a dosage of 400–600 mg (259). Its side 

effects are few, but it may cause stomach upset with extended use, and gastric ulcers at very high 

doses (47). However, as indicated by many preclinical and clinical studies, CUR does not cause 

any adverse effects on liver or kidney functions, even at high doses (up to 12 g in humans) (260). 

CUR shows poor absorption and low bioavailability, especially if taken in its intact form, yet, this 

issue can be resolved when CUR is combined with enhancing agents, such as piperine (38, 261, 

262). CUR is available in the forms of capsules, tablets, ointments and energy drinks, and has been 

approved by the US Food and Drug Administration (FDA) as “Generally Recognized As Safe” 

(GRAS), which is confirmed by clinical trials at doses between 4000 and 8000 mg/day (251, 263). 

From a clinical perspective, CUR was tested in humans in 77 studies, of them, 50 have been 

finished and 27 are in the recruiting phase; moreover, 100 clinical trials on the anti-inflammatory 

activity of CUR have been published in PubMed, showing CUR significance in clinical 

inflammatory disorders, such as rheumatoid arthritis, inflammatory bowel diseases, nephropathies, 

and some cancers (251, 257). 
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 CUR Mechanisms of action as anti-inflammatory agent 

CUR has a multifactorial mechanism of action against inflammation (252). Firstly, it has 

powerful antioxidant activity that inhibits lipid peroxide formation and lysosomal enzymes, such 

as acid phosphatase and cathepsin D (252, 264). Also, CUR increases the activities of serum 

antioxidants such as superoxide dismutase (SOD) and glutathione peroxidase (GSH), as well as, 

scavenges different free radicals, including reactive oxygen and nitrogen species (ROS and RNS) 

and peroxyl radicals (250, 265-268). It can also inhibit different ROS generating enzymes, such as 

the iNOS, COX system (COX-1 and COX-2) , and 5-LOX, thus suppresses the activity of several 

PGs (47). Therefore, it may be considered a natural alternative to NSAIDs for the treatment of 

inflammation (47, 250, 269) 

Secondly, CUR has potent anti-inflammatory effects that modulate TLR4 and MyD88 

pathways in macrophages (270, 271), evidenced by blocking NF-κB activation and inhibiting 

MAPK and AP-1 signaling pathway (47, 159, 257, 271-274). It has been presented that CUR non-

covalently binds to MD-2 (a lymphocyte antigen responsible for LPS binding to TLR-4), which 

results in a competition with LPS for TLR4/MD-2 complex that led to inhibition of both MyD88-

dependent and TRIF-dependent pathways (81, 275, 276). 

Interestingly, CUR inhibited M1 macrophage polarization in a dose dependent manner through 

downregulating the expression of TLR4 (277). These antagonistic effects to TLR4 signaling 

pathways and its downstream mediators are followed by an inhibition of the pro-inflammatory 

cytokines, including TNF𝛼, IL-1𝛽, and IL-6 (15, 257, 273, 277). Also, research studies suggest 

that CUR pretreatment protects against T cell-mediated hepatitis in mice and that the significant 

effect of CUR may be partly through inhibiting the expression levels of TLR2, TLR4 and TLR9 

in the liver (278). Furthermore, CUR blocks the expression of cell adhesion molecules, such as 

ICAM-1, which are involved in the interaction between leukocytes and endothelial cells (257, 

279).  

In addition, on the miRNA level, studies done using RAW 264.7 macrophages revealed the 

inhibitory effect of curcumin on miRNA 155, which is a key transcriptional regulator of some 
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inflammation-related diseases and is strongly induced by different TLR ligands including, TLR4 

ligand (e.g. LPS) (280, 281). 

Last but not least, CUR has a dual activity when tested on human malignant cells, on one side 

it exhibited pyroptosis (caspase 1-dependent cell death) induction of cancerous cells, which is a 

strong inflammation phase through caspase 1 stimulation, yet on the other side it exhibited a 

protection against inflammation without pro-IL-1β induction due to NF-κB pathway inhibition 

(269, 282, 283). Also, because of its anti-oxidative and anti-inflammatory activities, CUR has been 

reported for its cardioprotective and hepatoprotective effects, and has been also involved in 

lowering cholesterol levels and having anti-diabetic activity (252, 260). 

 

1.3.3.2 Resveratrol (RES)  

Another polyphenol plant-derived molecule, resveratrol (5-[(E)-2-(4-

hydroxyphenyl)ethenyl]benzene-1,3-diol) is called Japanese Knot weed or Polygonum 

cuspidatum, and is found in various plant sources, such as peanuts, grapevines and mostly in the 

skins of red wine grapes (47, 257). RES, which is a stilbene derivative, is a phytoalexin that acts 

as a plant defense mechanism against infection (47, 257). Commercially, RES is available as 

dietary supplements, mainly from P. cuspidatum source in the Tans-active form (47). There is no 

standardized dosage for RES, but it is usually taken in the dose from 50 to 500 mg daily (47). 

Fortunately, no side effects were established, only antiplatelet effect that should be monitored if 

RES is taken with other prescribed antiplatelet or anticoagulant agents (47, 284-290). However, 

the RES limiting step is its pharmacokinetics, exhibited as poor bioavailability and rapid 

metabolism, which is a critical challenge for pharmaceutical industry (257, 291-297).   

In addition, over 40 clinical trials were published in PubMed on the use of RES in 

inflammatory disorders, including diabetes, obesity, and coronary artery disease (257). In these 

studies, inflammation-related parameters, such as CRP, TNF𝛼, IL-1𝛽, and IL-6 in plasma, as well 

as, activated kinases, transcription factors in blood cells have been analyzed and reported (257, 

298-303). Many of these trials announced the effect of RES on these parameters (257). 

Nonetheless, this information has not yet been translated into an approved clinical application 
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because no clinical improvements in the patients’ status or reductions in disease-specific life-

threatening events have been analyzed (257). 

 

 RES Mechanisms of action as anti-inflammatory agent 

Similar to CUR, RES has been widely recognized for its remarkable pharmacological activities 

as anti-mutation, anti-inflammatory, and antioxidant activities (47, 257). Linked to its anti-

inflammatory effects, RES also has anti-tumor activity as it hinders cancer initiation and 

progression (269, 297, 304). Many studies demonstrated the protective role of RES in neuro and 

cardioprotection, as well as, arthritic joint pain (47). In support of this view, Elmali et al, in 2007, 

demonstrated the anti-inflammatory effects of RES in paw edema and knee osteoarthritis when 

injected intra-articular in animals, indicating an inhibitory effect on inflammatory PG synthesis 

(47, 284).   

Numerous studies have been conducted to provide in-depth insights into the powerful anti-

oxidant and anti-inflammatory underlying mechanisms of RES, it has been shown that RES, in a 

dose-effect relationship, exerts its effects at multiple levels: it inhibits TLR4 and MyD88 

expression in activated RAW 264.7 macrophages (305, 306). As well, it inhibits NF-κB, MAPK, 

IRF-3, AP-1, iNOS, COX-2, and 5-LOX pathways, which modulate the secretion of pro-

inflammatory cytokines (15, 257, 306-309). Subsequently, it reduces NF-κB induced pro-

inflammatory cytokines, including TNF-α, IL-6, and IL-1β, as well as, the inflammatory 

mediators, NO and ROS (15, 47, 257, 269, 305, 310, 311). It also lowers LTs and PGs levels due 

to suppressing COX-2 signaling (15, 257, 311). These results are confirmed in LPS-stimulated 

RAW 264.7 cells, and macrophages from C57BL/6 and BALB/c mice (312). 

In addition to studies performed on macrophages, others were conducted on heart tissues of 

rats to investigate the anti-oxidant effect of RES, highlighting the role of TLR4/NF-κB signaling 

in early inflammation associated with DIC (313). These studies showed the effective 

cardioprotection effect of RES, which has been demonstrated in lowering left ventricular 

peroxidation and enhancing antioxidants, such as GSH and SOD, and decreasing TNF-α levels 

(314). Consistent with the results of previous studies, RES has been shown to inhibit TLR4/NF-

κB signaling in ischemic injured rat heart model, confirmed by TLR4 and NF-κB downregulation, 
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and reduced myocardial TNF-α production (313). Lastly, RES was reported to downregulate the 

levels of several proinflammatory miRNAs, such as miR-155, miR-21 and miR-146, which are 

upregulated in LPS-induced macrophages (304, 315, 316).  

Conclusively, polyphenols , such as CUR and RES are involved in numerous signaling 

pathways, and most importantly, in regulating the redox system and modulating immune response 

through inhibiting inflammatory cytokines synthesis (248). Unfortunately, polyphenols, in 

general, have poor bioavailability, thus encouraging research to be directed to aliphatic 

isothiocyantes, such as SFN, which exhibit significantly higher bioavailability and potent anti-

inflammatory response (248).  

 

1.3.3.3 Sulforaphane (SFN)  

SFN: 1-isothiocyanato-4-(methylsulfinyl) butane is one of the highly studied plant-derived 

isothiocyanate organosulfur compounds (317). SFN is characterized by the presence of a 

sulfocyanate group (N=C=S), and is found in cruciferous vegetables from the Brassicaceae family, 

including broccoli, cabbage, cauliflower, and kale (317, 318). A precursor of SFN, glucoraphanin 

is a glucosinolate compound which is composed of a sulfonated oxime group (β-D-thioglucose 

group) and an amino acid-derived side chain (317). Through enzyme dependent hydrolysis, 

glucosinolates are activated to give their respective isothiocyanates; in case of SFN, glucoraphanin 

is hydrolyzed by myrosinases (317, 319).  

Usually, SFN is found as L-isomer, however, it is used as a synthetic racemic mixture of D, L-

SFN in research studies (318, 320, 321). In contrast to polyphenols, SFN was reported to have 

relatively high bioavailability (around 80%) (248, 322-324). Studies showed that SFN peaks in 

blood after only one hour of ingestion, thus can be considered for development as a nutraceutical 

compound (248, 325, 326). It has also been stated that SFN oral dosage in clinical trials ranges 

from 20 to 40 mg in preliminary clinical studies (248). To date, SFN has low toxicity profile 

without any serious side effects (317, 322, 327). Due to SFN effects on different cellular targets, 

its pharmacological effects are pleiotropic, including: anti-microbial, antioxidant, anti-

inflammatory, anti-cancer, anti-aging, neuroprotective, antidiabetic, and cardioprotective (317, 

328-334). Several studies have revealed its potential anti-inflammatory and antioxidant properties 
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(322). SFN is a potent immunomodulatory in chronic inflammatory diseases through targeting 

monocytes/macrophages lineage and triggering nuclear factor erythroid-derived 2-like 2 (Nrf2) 

antioxidant defense pathway (335, 336). Also, SFN is involved in ameliorating microglial-

mediated neuro-inflammation and aging-associated oxidative stress (337).  

In addition, SFN anti-cancer effect has been shown in hepatocellular carcinoma through 

hindering cell proliferation, and in lung cancer through inhibiting histone deacetylase (HDAC) 

activity (338, 339). While, in hypoxic injuries, SFN demonstrated cardioprotective activity, and 

protected the vascular endothelial cells through Nrf2 mediated antioxidative defense  (340, 341). 

In the same manner, SFN mitigates vascular impairment and progression of high cholesterol diet-

induced atherosclerosis through its antioxidant capacity and suppression of NF-κB-mediated 

inflammation (342). SFN is reported to prevent cardiac hypertrophy by downregulating MAPK 

signaling pathways (343). Furthermore, SFN manages to suppress inflammation in a rat model of 

focal cerebral ischemia by inhibiting NF-κB signaling pathway (344). In another study, SFN 

reduced systemic inflammation in cardiovascular bypass-porcine model through downregulating 

NF-κB expression (322, 345). Also, SFN exhibited noticeable anti-inflammatory and antioxidant 

effects in LPS-induced liver injury (346). These effects has been also confirmed by Sing et al. 

study in autism disorder, in which SFN successfully reversed neuro-inflammation, oxidative stress, 

low antioxidant capacity, reduced glutathione synthesis, increased lipid peroxidation, impaired 

mitochondrial function and oxidative phosphorylation  (327). And clinically, over 1900 trials on 

SFN are published in PubMed (248).  

 

 SFN Mechanisms of Action as anti-inflammatory agent 

SFN has a dual action in modulating redox system and immune imbalance through interacting 

with Nrf2 and NF-κB signaling pathways (248). These two key transcription factors (Nrf2 and NF-

κB) act both independently and dependently via their “cross talk”, which is not yet fully understood 

(248, 347). SFN is considered an indirect antioxidant because it is not involved in quenching free 

radicals and ROS; however, it upregulates some phase II enzymes by enhancing Nrf2 activity (318, 

348-351). Nrf2 is involved in cytoprotection through recruiting direct antioxidants, increasing 

GSH metabolism synthesis, and inhibiting inflammation. The activity of Nrf2, however, is 
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negatively regulated by the Kelch-like ECH-associated protein 1 (Keap1) which promotes its 

degradation by the ubiquitin–proteasome pathway (318, 349, 352).  

Furthermore, SFN activates Nrf2-Keap-1 complex with its sulfur chemistry (353). The 

chemistry of sulfur plays an integral role in Nrf2 activation, because Keap-1 has sulfur-rich 

cysteine residues that regulate its oxidation/reduction (248, 353). In this context, SFN abrogates 

the binding of Nrf2 to Keap1, allowing the translocation of Nrf2 to the nucleus, and as a 

transcriptional activator, Nrf2 modulates the gene expression of the genes containing the 

antioxidant response elements (ARE) in their DNA sequence (318, 354-356). Thus, by 

destabilizing the bond between Nrf2-keap1 protein, SFN enhanced the expression of these ARE 

sequences and activated the transcription of antioxidant enzymes genes including: nicotinamide 

adenine dinucleotide phosphate (NADPH) quinone oxidoreductase 1 (NQO1), heme oxygenase-1 

(HO-1), γ-glutamylcysteine ligase (γGCL), thioredoxin, GSH and SOD (248, 318, 322, 357-361). 

These Phase II enzymes are important in ROS neutralization (322, 362). HO-1, in particular, is 

involved in cytoprotective effects through antioxidant and anti-inflammatory properties in 

cardiovascular and other tissues (248). This mechanism has been confirmed in mouse peritoneal 

macrophages, where SFN exhibited its anti-inflammatory activity mainly via activation of Nrf2 

(322). 

In parallel, the anti-inflammatory effects of SFN has been demonstrated in the form of reduced 

levels of LPS-induced pro-inflammatory mediators, such as TNF-α, iNOS, and COX-2 (81, 318, 

363, 364). While SFN directly activates cytosolic Nrf2, its action on NF-κB is to inhibit NF-κB 

binding to the DNA (248, 363). These findings has been reported in vitro on LPS-stimulated RAW 

264.7 macrophages and in vivo on C57BL/6 mice (365). A recent study showed for the first time 

the ability of SFN to suppress the direct binding between NF-κB and its consensus sequence in 

DNA via its thiol groups, therefore suppressing LPS-induced pro-inflammatory mediators in 

macrophages (366). SFN inhibits DNA binding of NF-κB without interfering with nuclear 

translocation of NF-κB or degradation of IKB-α in LPS-stimulated macrophages (363, 367). And, 

it has been suggested that SFN might directly inactivate NF-κB subunits by binding to essential 

cysteine residues (363). In addition, SFN has been identified as a potent bioactive molecule that 

can suppress inflammation through inhibition of LPS-TLR4 binding (248, 368, 369). One of the 

novel underlying anti-inflammatory mechanisms of SFN molecule is its ability to suppress TLR4 
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oligomerization in a thiol dependent manner in macrophages, where SFN formed adducts with 

cysteine residues in the extracellular domain of TLR4 (81, 248, 363, 364, 367). SFN suppressed 

both ligand-induced and ligand-independent oligomerization of TLR4 (367). Oligomerization is 

an important step for TLR4 activation and recruitment of adaptor molecules; therefore, the 

reactivity of SFN to sulfhydryl moiety contributes to its inhibitory activities and subsequent 

downregulation of NF-κB activation (367). Similar to CUR, SFN antagonizes LPS binding to 

TLR4/MD-2 complex by selectively competing on MD-2, a large hydrophobic pocket where LPS 

binds and mediates TLR4 dimerization (81, 363, 364, 367, 370). This in-depth investigations 

successfully connected the gut-immune relationship to systemic disease (248, 371). In leukocytes, 

increased phosphorylation of p38 and p65 (RelA) subunit of NF-κB was resolved upon SFN 

treatment, associated with downregulation of TNF-α, IL-6, and IL-8 expression levels (318, 345). 

In contrast, SFN showed no effect on p38 and p65 phosphorylation in organs, including heart, 

lung, and kidney; therefore, SFN effect was suggested to be at the systemic, not local, level (318, 

345). Furthermore, previous studies have shown that SFN successfully prevented carcinogenesis, 

which is relevant in part to its potent anti-inflammatory properties (322). 

In accordance with SFN anti-inflammatory activities, several studies pinpointed the crosstalk 

between Nrf2 and NF-κB pathway (318). SFN is commonly known to induce its anti-inflammatory 

activity through the activation of Nrf2 transcription factor (322). Through activating Nrf2/ARE 

pathway which equilibrates ROS imbalance, SFN inhibits the expression of pro-inflammatory 

mediators as ROS overproduction is known to activate NF-κB  and AP-1 inflammatory-regulatory 

factors (322, 372). This has been confirmed by Li et.al study showing that SFN activates Nrf2 

pathway through inhibiting Nrf2 ubiquitination, and concomitantly reducing NF-kB expression 

and AP-1, thus restoring endogenous antioxidant levels and reducing inflammatory damage in an 

experimental autoimmune encephalomyelitis mice model (322, 368, 373-376). Furthermore, Sun 

et al. study correlated Nrf2 activation by SFN with the downregulation of inflammatory mediators 

(IKK-α, p-IKK-β, and NF-κB) and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) with 

increased expression of IκB-α in skeletal muscle (318, 377). Similarly in LPS-stimulated RAW 

264.7 cells, SFN inhibited IκB-α degradation and hence NF-κB activation (41). Importantly, 

studies on the miRNA level indicated that SFN significantly attenuated miRNA-155 and 146a 

levels in LPS-stimulated RAW264.7 macrophages in a dose-dependent manner (365, 378).  
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In addition, SFN has illustrated cardioprotective effect against DIC; it reduced DOX-induced 

oxidative stress and enhanced mitochondrial respiration in the cardiomyocytes of DOX-treated 

rats (180). Lastly, SFN showed chemopreventive action through epigenetic inhibitory effect on 

HDACs, providing DNA protection (248, 379-381). This has been demonstrated as a selective 

downregulation of class I and II HDAC enzymes, and HDAC 6 (322).  
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Table 1.1 Summary of key information on curcumin, resveratrol, and sulforaphane reporting their main antioxidant and anti-inflammatory mechanisms

                       Name                       Structure                                                   Source                           Anti-oxidant                               Anti-inflammatory                     Reference                  

Mechanisms                                  Mechanisms                            

                                 

 

 

Curcumin 

 

OCH3OCH3

OH OH

O O

 

     

A polyphenol 

found in Turmeric  

(Curcuma longa) 

 

Inhibits lipid peroxide               Modulates TLR4 and 

formation and lysosomal           MyD88 in macrophages 

enzymes, such as                       through blocking NF-κB, 
acid phosphatase                        AP-1, and MAPK                    

and cathepsin D     

 

Increases the serum                     Inhibits M1 macrophage 

antioxidants, such as SOD          depolarization through 

and GSH                                     TLR4 downregulation 

 

Scavenges ROS and RNS,           Inhibits 

                                                     proinflammatory     

Inhibits ROS generating               cytokines, such as  

enzymes (iNOS and COX-2)       TNF-α, IL-6, and IL-1𝛽 

 
                                                Inhibits TLR4-induced 

                                                    miR-155, a transcription 

                                                    regulator of inflammation 

 

    
          

    (47, 159, 

250, 252, 257, 

264-268, 270-

274, 277, 280, 

281) 

 

Resveratrol 

    

OH

OH

OH

 

 

A polyphenol 

mainly found in  

skin of red grapes 

  

 Inhibits iNOS and COX-2,        Inhibits TLR4 and 

 and lowers PGs                          MyD88 expression, and 

                                                     NF-κB, MAPK, AP-1, 

                                                 and IRF-3    

 

Inhibits ROS and NO release      Inhibits 

                                                     proinflammatory 

                                                     cytokines, such as 

                                                     TNF-α, IL-6, and IL-1𝛽 

                                                         
                                                 Inhibits miR-155,  

                                                      miR-21, and miR-146a 

 

 
(15, 47, 257, 

269, 305-311) 

 

Sulforaphane    

           

 

     
CH3

S

N C S

O

 
 

 

   

 

An isothiocyanate 

found in cruciferous 

plants, such as broccoli 

  

Activates Nrf2 pathway and         Inhibits NF-κB binding  

 upregulate phase II enzymes,       to DNA 

 and reducing ROS 

 

Reduces iNOS and COX-2           Inhibits LPS-TLR4 

                                                      Binding, and inhibit  

                                                      TLR4 oligomerization 

                                          

                                                      Inhibits  

                                                      proinflammatory 

                                                      cytokines, such as  

                                                     TNF-α, IL-6, and IL-1𝛽 

 
                                                 Inhibit miR-155 and    

                                                     miR-146a          
                                   

 
  (81, 248, 

317, 318, 345, 

348-351, 363-

365, 367-369, 

378) 

   

Structures are drawn using ACD/ChemSketch Freeware (https://www.acdlabs.com/resources/freeware/chemsketch/) 

https://www.acdlabs.com/resources/freeware/chemsketch/
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1.4 Rationale  

In this current study, we have selected these three natural products namely CUR, RES, and 

SFN because of their effectiveness and prominent anti-inflammatory properties through 

antagonizing TLR4 signaling pathway, responsible for the exaggerated innate immune response 

and systemic inflammation induced by DOX (30).  

1.5 Hypotheses  

We hypothesize that the three naturally occurring compounds CUR, RES, and SFN will 

differentially attenuate the DOX-mediated inflammation in the murine macrophages cell line 

RAW 264.7. Furthermore, we hypothesize that these differential effects are occurring in part due 

to an effect at the epigenetic level through affecting miRNAs levels. 

 

1.6 Objectives and Aims  

The objective of the present study is to compare the effect of three naturally derived 

compounds with anti-inflammatory effects, which are CUR, RES, and SFN, against DOX-

mediated inflammation through affecting TLR4 signaling pathway in RAW 264.7 murine 

macrophages. 

 

In addition, the specific aims of the current study are to: 

1. Examine the effects of CUR, RES, and SFN on LPS/IFN-γ-mediated effects on TLR4, 

TNF-α, IL-6, and iNOS mRNA expression levels in the absence and the presence of DOX 

using real-time PCR. 

2. Compare the effects of CUR, RES, and SFN on LPS/IFN-γ-mediated induction of nitric 

oxide (NO), in addition to TNF-α and IL-6 protein levels in the absence and presence of 

DOX using Griess reagent and ELISA, respectively.  

3. Identify the underlying mechanism(s) involved in this modulation of these inflammatory 

markers utilizing several molecular biology techniques. 
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 Novelty of this research 

 The novelty of this project is deciphered in its ability to answer an important question with 

regards to the capabilities of three naturally derived compounds of well-known anti-inflammatory 

effects to differentially protect against DOX induced inflammation. This project identified the use 

of SFN as a novel therapeutic adjuvant to protect against DOX induced inflammation and 

subsequent toxic effects. Furthermore, the results of this thesis showed for the first time a 

comparison between three naturally derived compounds of known anti-inflammatory effects 

namely CUR, RES, and SFN on DOX induced inflammation in RAW 264.7 macrophages. 
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2. MATERIALS AND METHODS 

 

2.1 Materials 

The murine monocyte/macrophage RAW 264.7 cell line ((ATCC® TIB71TM) was obtained 

from the National Research Centre (NRC) Cairo, Egypt. LPS (Escherichia coli 0111: B4; L2630) 

and Curcumin (458-37-7) were purchased from Sigma Chemical Co. (MO, USA). Murine 

Interferon-γ (315-05) was obtained from PeproTech (NJ, USA). Dulbecco's Modified Eagle 

Medium Gibco™ DMEM, High Glucose (41965-039), Fetal Bovine Serum Gibco™ FBS (10270-

106), Dimethyl sulfoxide DMSO (67-68-5), Chloroform (HPLC grade; C607SK-1), Isopropanol 

(HPLC grade; BP26324), Ethanol (HPLC grade; 64-17-5),  RevertAid cDNA kit (K1621), Maxima 

SYBR Green qPCR (K0251), mRNA primers (10629186; designed by NCBI primer blast tool), 

were all purchased from ThermoFisher Scientific (MA, USA). Griess Reagent Kit (G7921) was 

purchased from Invitrogen (CA, USA). DMEM media (with 4.5 g/L Glucose, without L-

Glutamine, without phenol red) (12-917F), Penicillin-Streptomycin Mixture Pen/Strep (09-757F), 

and Phosphate Buffered Saline (10X) PBS (17-516Q) were obtained from Lonza-Bioscience 

(Basel, Switzerland). Doxorubicin (25316-40-9) and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT; 298-93-1) were purchased from TOCRIS (Bristol, UK). 

Sulforaphane (10496), Resveratrol (70675), murine TNF-α (500850) and IL-6 (583371) Enzyme-

linked immunosorbent assays (ELISA) were purchased from Cayman Europe OÜ (Tallinn, 

Estonia). QiAzol lysis buffer (79306), RNAse/DNAse free water (129114), miScript II RT kit 

(218161), miScript SYBR Green PCR kit (218073), miScript Primer Assays: Mm_miR-155_1 

(MS00001701), Mm_miR-21_2 (MS00011487), Mm-miR-146a*_1 (MS00024220),  Hs_RNU6-

2_11 (MS00033740) were purchased from Qiagen (Hilden, Germany).  

2.2. Cell culture 

RAW 264.7 cells (cell information: see Table 2.1 and Fig. 2.1) were grown in 75 cm2 flasks 

until 80% confluence at 37 °C in a 5% CO2 humidified incubator. As suggested by ATCC, cultured 

cells were maintained in DMEM high glucose media supplemented with 10% heat inactivated fetal 

bovine serum FBS and 1% Pen-Strep (100 units/mL penicillin, and 100 g/mL streptomycin) at 

37 oC in humidified air with 5% CO2 (382, 383). When cells reached a density of 2-3×106 cells/mL 

they were seeded in 96 well plate for 2 h and then stimulated by new medium containing E. coli 
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LPS (10 ng/mL) and murine Interferon-γ (10 U/mL) for 24 h with/without treatments (383). Then, 

DOX (0.1 µM), CUR, RES, and SFN (5, 10, and 20 µM) dissolved in dimethyl sulfoxide (DMSO, 

as final concentration of 0.1%) were added separately with/without LPS/IFN- γ. Cells were treated 

with 0.1% DMSO as vehicle control.  

Table 2.1: RAW 264.7 cell line information(382) 

Cell line RAW 264.7 

Species Mus musculus 

Strain BALB/c 

Tissue origin ascites (Abelson murine leukemia virus induced tumor) 

Age adult 

Gender male 

Morphology monocyte/macrophage 

Growth property adherent 

Medium DMEM high glucose, supplemented with 10 % FCS 

Sub culturing 1:3 to 1:6 (up to 1:10 in this study; when reaching 80 % confluence) 

Medium renewal every 2 to 3 days 

Culture conditions 37 °C, 5% CO2 in air atmosphere (7% CO2 in this study) 

Biosafety level 2 

 

 

                     Fig. 2.1: RAW 264.7 ATCC® TIB-71™ (382). 
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1.3. Cell viability: MTT assay  

RAW 264.7 cells were seeded in the density of (2 × 105 cells/well) in a 96-well plate for 2 

h. For optimization, cells were treated with LPS (10 ng and 100 ng) and IFN- γ (5 and 10 U/ 

mL) separately and in mix and match combinations to determine the non-cytotoxic 

concentration for stimulation of Raw 264.7 (384). In another experiment, cells were treated 

with increasing concentrations of DOX (0.005, 0.01, 0.05, 0.1, or 0.5 µM). Also, different 

concentration of treatments CUR, RES, and SFN (5, 10, and 20 µM) have been tested.  

Based on the optimization results, RAW 264.7 cells in further experiments were stimulated 

with 10 ng/ml LPS plus 10 U/mL IFN-γ in the presence or absence of 0.1 µM DOX, and 

exposed to herbal treatments CUR, RES, or SFN at concentrations (5, 10, or 20 μM) for 24 h. 

Cellular viability assay was analyzed using the MTT colorimetric assay as previously 

described (385). First, cells were seeded in a 96 well-plate with density of (2x105 cells/well) 

and then incubated for 2 h. Then, DMEM media was discarded and replaced with fresh new 

DMEM media without phenol-red and treatments were added in the concentrations mentioned 

above. After 24 h of incubation with different treatments, culture medium from each well were 

drawn and replaced with 100 μL of MTT solution (1 mg/mL in serum-free media) were added 

to each well. After 2 h of incubation at 37 °C, MTT media was removed from wells and 

replaced by 200 μL of isopropyl alcohol to dissolve formazan crystals resulting from the 

reductases activity of viable cells. The absorbance was read at 540 nm using Nano 

SPECTROstar microplate reader (BMG LABTECH, Ortenberg, Germany), and the percentage 

of macrophages viability was calculated as relative from control (386). 

Cell viability (%) =   A sample – A blank   x 100 %   (387)  

                                 A control – A blank 

 

 

                    

 

 



51 
 

2.4. Nitrite Assay: Griess method 

The nitrite concentration in the culture medium was measured as an indicator of NO 

production, according to the Griess reaction. Following the same conditions as previously 

mentioned with MTT assay, Griess method was done on cell supernatant as follows: 150 µL of 

each supernatant medium was drawn from the wells and diluted with 130 µL of deionized water 

and 20 µL of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% 

naphthylethylenediamine dihydrochloride in water) was added. Then the plate was kept in dark for 

30 min. Absorbance of the mixture at 550 nm was measured with Nano SPECTROstar microplate 

reader (383, 388). The intensity of the color is directly proportional to the nitrite concentration. 

Finally, standard curve was plotted with absorbance (y-axis) versus nitrite standard (S1-S4) 

concentrations (x-axis). Using line equation, concentration of nitrite was calculated for each 

sample (Fig. Supl.2.1C). 

 

2.5 Treatment and isolation of total RNA 

Raw 264.7 cells were seeded in the density of (2×106 cells/well) in a 6-well plate for 2 h. Then 

cells were treated with CUR, RES, and SFN at concentrations (5 and 20 µM) alone and with 

LPS/IFN-γ induction in the absence or the presence of DOX, then incubated for additional 6 h. 

After 6 h of incubation with the test compounds, total RNA was extracted using QIAzol Lysis 

Reagent according to the manufacturer's guidelines (358). In each well, 600 µL of QIAzol were 

added, and cell lysates were collected in different microcentrifuge tubes, then 120 µL chloroform 

was added, and incubated for 2-3 min, then undergone 15 s vigorous shaking, followed by 

centrifugation at 12,000 x g at 4 °C  for 15 min. The mixtures separates into 3 layers; lower red 

phenol red-chloroform, interphase, and a colorless upper aqueous phase. Aqueous phase 

containing RNA was transferred to a new tube. Next, 300 µL of Isopropanol was added, incubated 

for 10 minutes and then centrifuged for another 10 min at 12000 xg at 4 °C . Then, total RNA 

precipitated at the bottom of the tube and the supernatant was discarded. The precipitated pellet 

was washed with 75 % Ethanol, vortexed briefly and then centrifuge at 7500 x g at 4 °C for 5 min. 

Then, supernatant was discarded and the tube was left to air dry the RNA pellet for 5-10 min (air 

dry time should not extend beyond 10 min to avoid RNA crystallization). Finally the pellet was 

re-suspended in 30 µL Nuclease Free water and incubated in heat block at 60 °C for 15 min. Then, 
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RNA samples was quantified through measuring their absorbance at 260 nm (ng/µl) and the 

A260/280 ratio (to check phenol contamination) by NanoDrop Spectrophotometer (Table 

Supl.2.2). Finally, RNA was stored at -80 °C  or proceeded in downstream applications (389). 

 

2.6 cDNA synthesis 

2.6.1 cDNA synthesis for qualitative analysis of mRNA 

For the mRNA, the first-strand cDNA was synthesized using the Revertaid cDNA synthesis 

kit according to the manufacturer's guidelines (390). Briefly, 1 μg of the total RNA of each sample 

was diluted with nuclease-free water up to 10 µL (Table 2.2). Then 10 µL from cDNA reaction 

(Table 2.3) was added to each sample for a final volume reaction of 20 µL. The cDNA reaction 

Mastermix is composed of of 4.0 μL 5× reverse transcription (RT) buffer, 2 μL 10mM dNTP mix 

(100 mM), 1.0 μL RT random Hexamer primers and 1.0 μL Oligo (dt)18 primer, 1.0 μL RevertAid 

M-MuLV RT (200 U/μL) reverse transcriptase, 1.0 μL RiboLock RNase Inhibitor (20 U/µL). The 

final reaction mixture will be undergo the following conditions: 25 °C for 5 min, followed by 42 

°C for 60 min, and then 70 °C for 5 min to terminate the reaction, and finally cooled to 4 °C in 96 

well Thermal cycler (Applied Biosystems, CA, USA) (390). The completed reaction was stored at 

-20°C to prevent cDNA degradation.  

Prior to quantification by qPCR, the newly synthesized cDNA was diluted by 1:3 ratio with 

nuclease free water by adding 40 µL  nuclease-free water to the 20 µL cDNA reaction, from which 

3 µL will be taken for real-time PCR reaction. 
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Table 2.2: Revertaid cDNA reaction 

Kit component Per reaction (µL) 

5X Reaction Buffer 4 

Oligo (dT)18 primer 1 

Random Hexamer primer 1 

RiboLock RNase Inhibitor (20 U/µL) 1 

10 mM dNTP Mix 2 

RevertAid M-MuLV RT (200 U/µL) 1 

Total volume 10 

 

2.6.2 cDNA synthesis for qualitative analysis of miRNA 

Reverse transcription is performed for miRNAs. The oligo-dT primers have a 3' degenerate 

anchor and a universal tag sequence on the 5' end, allowing amplification of mature miRNA in the 

real-time PCR step. cDNA synthesis was performed using miScript II RT kit according to the 

manufacturer’s instructions (391). 2 µg of RNA from each sample was diluted with nuclease-free 

water up to 12 µL according to the RNA volume taken (Table 2.4). Then, 8 µL of miScript RT 

reaction (Table 2.5) was added to each sample for a final reaction volume of 20 μL. The reaction 

contains 4 μL of 5x miScript HiSpec buffer, 2 μL of 10x miScript Nucleics mix and 2 μL of 

miScript Reverse Transcriptase enzyme. This method synthesized cDNA from mature 

microRNAs. The RT reaction was incubated at 37 °C for 1 h followed by inactivation of the RT 

enzyme at 95 °C for 5 min. The completed reaction was stored at -20 °C to prevent cDNA 

degradation. 

 Prior to quantification by q-PCR, the newly synthesized cDNA was diluted 1:100 with 

nuclease-free water, by taking 2 µL from the 20 µL synthesized cDNA and adding 198 µL of  

nuclease-free water. Then, store the diluted cDNA into -20°C. For real-time PCR reaction, 2 µL 

were taken from the diluted cDNA. 
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Table 2.3: miScript II RT Reaction 

Kit component Per reaction  (µL) 

5X miScript HiSpec Buffer 4 

10X miScript Nucleics Mix 2 

miScript Reverse Transcript 2 

Total volume 8 

 

2.7. Quantification of mRNA and miRNA using real-time PCR (q-PCR) 

 Raw 264.7 cells were seeded in the density of (2 × 106 cells/well) in a 6-well plate for 2 h. On 

the following day cells were treated with the tested compounds and incubated for 6 h. Then, cells 

were harvested and their total RNA was extracted, reverse transcribed, quantified, and analyzed as 

previously described in sections 2.5 and 2.6 (392, 393). Using q-PCR, quantitative analysis was 

performed for the expression of specific mRNAs (TLR4, TNF-α, IL-6, and iNOS) normalized 

against GAPDH and miRNAs (miR-21, miR-146a, and miR-155) normalized against RNU6-6p. 

The resulting cDNA was further amplified using the ABI Prism 7500 system (Applied Biosystems, 

CA, USA). 

 

2.7.1 Quantification of mRNA 

 For mRNA, Maxima SYBR Green qPCR Mater Mix (2X) was used. The SYBR green 

mRNA reaction (Table 2.6) was of total volume 12.5 µL which contain: 0.375 μL of 10 μM 

forward primer and 0.375 μL of 10 μM reverse primer (equivalent to a final primer concentration 

of 0.3 μM), 6.25 μL of SYBR Green Universal Mastermix, 2.5 μL of nuclease-free water, and 3 

μL of cDNA sample (1:3 dilution; equivalent to 50 ng cDNA). Then, the plate was covered with 

an optical adhesive cover, and the thermocycling conditions were conducted as follows: 

initiation at 95 °C for 10 min, followed by 40 PCR repeated cycles of denaturation at 95 °C for 

15 s and anneal/extension at 60 °C for 1 min. A melting curve was released by the end of each 

cycle to verify the primers specificity and the final PCR product purity (394). Specific pairs of 
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primer that were utilized for quantification of mRNAs was described in the (Table 2.7). Primers 

were generated using the online NCBI primer designing tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and purchased from ThermoFischer. 

For mRNA primer reconstitution: Forward and reverse primers from ThermoFischer (in nano-

moles) were briefly centrifuged and then suspended in 10 times the number of their molecular 

weight (X nmoles * 10) µL of nuclease free water to give 100 µM stock. From this stock, a working 

stock of 10 µM (1:10 dilution) is prepared by taking 5 µL from 100 µM primer stock and diluted 

with 45 µL nuclease free water. From this working solution, 0.375 µL will be taken for real-time 

PCR reaction. 

 

Table 2.4: SYBR green mRNA PCR reaction 

Component Per Reaction (µL) 

Maxima SYBR Green qPCR Master Mix (2X) 6.25 

Forward Primer (0.3 µM) 0.375 

Reverse Primer (0.3 µM) 0.375 

cDNA 3 

Nuclease-free water 2.5 

Total Volume 12.5 

Note: Add 2 μl of ROX Solution to 18 μl of Water, nuclease-free, mix and use 0.05 μl for 25 μl 

qPCR reaction. 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 2.5: List of mRNA primers used for RT-PCR: 

  Sequence 5’…..3’ Primer  Tm 

1 CTTTGTCAAGCTCATTTCCTGG GAPDH-F 57 

2 TCTTGCTCAGTGTCCTTGC GAPDH-R 58 

3 GATGCTACCAAACTGGATATAATCAG IL6-F 55 

4 CTCTGAAGGACTCTGGCTTTG IL6-R 58 

5 GGAACCTACCAGCTCACTCTGG iNOS -F 63 

6 TGCTGAAACATTTCCTGTGCTGT iNOS -R 60 

7 TTCAGAACTTCAGTGGCTGG TLR4-F 58 

8 TGTTAGTCCAGAGAAACTTCCTG TLR4-R 56 

9 GAACTCCAGGCGGTGCCTAT TNF-α-F 63 

10 TGAGAGGGAGGCCATTTGGG TNF-α-R 63 

 

 

2.7.2 Quantification of miRNA 

For miRNA, miScript SYBR® Green PCR Kit and miScript Primer Assays were used. A total 

reaction volume of 10 μL containing 5 μL of 2x QuantiTect SYBR Green PCR Master mix, 1 μL 

of 10 x miScript universal primer, 1 μL of 10x miScript specific primer assay and 2 μL of cDNA 

template (1:100 dilution) and 1 μL of RNase/DNase-free water was used in 96 well plates (Table 

2.8) (391). Specific forward miRNA primers were selected based on previously published reports 

and purchased custom-made from Qiagen (Table 2.9). Then, the plate was covered with an optical 

adhesive cover, a standard protocol designed by Qiagen was followed with initial denaturation 

step at 95 °C for 15 min, followed by 40 PCR repeated cycles of denaturation at 94 °C for 15 s, 

annealing at 55 °C for 30 s, and extension at 70 °C for 34 s. Fluorescence data collection was 

performed at the end of each elongation step. All samples were tested in duplicates and nuclease 
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free water was used as a non-template control (391). A universal reverse primer for microRNA 

quantification was used for all reactions and was supplied in miScript SYBR Green PCR Kit.  

For miRNA primer reconstitution, miScript Primer Assay vial was briefly centrifuged and 

suspended in 550 µL of nuclease free water, then vortexed 5-6 times as described by Qiagen 

protocol (391). 

 

Table 2.6: SYBR green mRNA PCR reaction 

Component Per Reaction (µL) 

2x QuantiTect® SYBR Green PCR Master Mix 5 

10x miScript Universal Primer 1 

10x miScript Primer Assay 1 

Template cDNA 2 

Nuclease-free water 1 

Total Volume 10 

 

 

Table 2.7: List of mature miRNA primers used for qRT-PCR 

 Sequence MiRNA name Catalog no. 

1 UAGCUUAUCAGACUGAUGUUGA mmu-miR-21a-5p MS00011487 

2 CCUGUGAAAUUCAGUUCUUCAG mmu-miR-146a-3p MS00024220 

3 UUAAUGCUAAUUGUGAUAGGGGU mmu-miR-155-5p MS00001701 

4 Housekeeping gene RNU6-6P  MS00033740 
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2.8. Real-time PCR data analysis 

 The real-time PCR amplification data was analyzed by relative gene expression (ΔΔCT 

method). The second-derivative maximum algorithm 2-ΔΔCT method (395), by which fold change 

was calculated as the ratio of the relative change between a treated sample and the average of the 

relative change values of untreated samples. Briefly, the used primers were tested against 

nonspecific amplification, primer dimers, or self-priming formation. To confirm quality 

measurements for each gene, each plate included the following: no template control, negative 

control, and a positive control. For each tested sample, a threshold cycle (CT) was calculated 

depending on the number of PCR cycles after which the reporter fluorescence emission increased 

beyond a threshold level (determined by the background fluorescence of the system). Each sample 

was measured in triplicate, and an averaged CT values was taken for each group after outliers’ 

removal. The samples were diluted in such a manner so that the CT values will be detected between 

15 and 30 cycles. As described in User Bulletin 2 of Applied Biosystems, results were expressed 

using the comparative CT method. For each gene of interest, ΔCT values were calculated in every 

sample (CT gene of interest − CT reporter gene), using GAPDH as the reporter gene for mRNA 

and RNU6-6P as the reporter gene for miRNA. Then, relative changes in the expression level of 

each specific gene (ΔΔCT) were calculated by subtracting the ΔCT of the untreated control group 

from the ΔCT of the respective treatment groups. The values and ranges given in different figures 

were determined as 2−ΔΔCT with (ΔΔCT + SE) and (ΔΔCT – SE), where SE is equivalent to the 

standard error of the mean of the ΔΔCT value (User Bulletin 2; Applied Biosystems) (396).  

 

2.9. Quantification of protein using ELISA 

ELISA kits were utilized for the measurement of TNF-α and IL-6 proteins in the supernatants 

(397). RAW 264.7 cells were cultured at a density of 2 × 106 cells/well in 6-well plates for 2 h. 

Then, treated with 20 µM of CUR, RES, and SFN alone or in combination LPS/IFN-γ in the 

presence or absence of DOX. After 24 h of incubation, the supernatant was collected, centrifuged 

and transferred to new microcentrifuge tubes to measure the levels of released TNF-α and IL-6.  
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2.9.1. Quantification of TNF-α  

The levels TNF-α for cell culture supernatants were quantified by ELISA kits according to the 

manufacturer’s instructions (398). 

Buffers preparation: 

Assay Buffer: Immunoassay buffer B concentrate (10X) (Item No. 400054) was diluted with   

90 mL deionized water.  

Wash Buffer: 5 ml vial (Item No. 400062) was diluted to a total volume of 2 L with deionized 

water and then 1ml Polysorbate 20 was added.  

The anti-TNF-α (mouse) ELISA strip 96 well plate (Item No. 400852) is coated with a rat 

monoclonal antibody specific for mouse TNF-α. First step, 100 µL of (1:20 diluted with deionized 

water) supernatant samples were added to corresponding wells, and 100 µL of TNF-α ELISA 

standard (Item No. 400854, reconstituted with 0.5 ml assay buffer) were added in duplicate to 

wells (to be used for further standardization), then the plate was incubated for 2 h at room 

temperature on an orbital shaker (analytic jena, Jena, Germany), then the plate was washed 4 

times with wash buffer. Next, plate was incubated for the second time with 100 µL anti-TNF-α 

biotin conjugate rat monoclonal antibody (Item No. 400850, reconstitutes with 12 ml assay 

buffer) for 1 h. at RT on orbital shaker. Again the plate was washed 4 times with wash buffer. 

Third incubation was done with 100 µL of diluted TNF-α streptavidin-HRP (Item No. 400853) 

(10X TNF-α streptavidin-HRP was diluted with 10.8 mL assay buffer) for 30 min at RT on an 

orbital shaker. Then wells are emptied and washed 4 times. Then, 100 µL of the chromogenic 

TMB (3,3’,5,5’-tetramethylbenzidine) substrate solution (Item No. 400072) was added to each 

well for 30 min at RT followed by 100 µL HRP Stop Solution (Item No. 10011355) to stop the 

reaction, and then the plate developed a yellow color. Finally, TNF-α concentration was 

determined spectrophotometrically at 450 nm. The intensity of the color is directly proportional 

to the TNF-α concentration. Finally, standard curve was plotted as absorbance (y-axis) versus 

TNF-α standard (S1-S7) concentrations (x-axis). Using line equation, concentration of TNF-α 

was calculated for each sample (Fig. Supl.2.1A).  

Note: TNF-α ELISA kit sensitivity: minimum detectable concentration is 15.6 pg/ml 
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2.9.2 Quantification of IL-6  

The levels IL-6 for cell culture supernatants were quantified by ELISA kits according to the 

manufacturer’s instructions (399). 

Buffer Preparation: 

Assay Buffer: Immunoassay buffer B concentrate (10X) (Item No. 400054) was diluted with 

90 mL deionized water.  

Wash Buffer: 5 mL vial (Item No. 400062) was diluted to a total volume of 2 L with deionized 

water and then 1 mL Polysorbate 20 was added.  

The anti-IL-6 (mouse) ELISA strip 96 well plate (Item No. 483372) is coated with a rat 

monoclonal antibody specific for mouse IL-6. First, 100 µL of supernatant samples (1:10 diluted 

with deionized water) were added to corresponding wells and 100 µL of IL-6 ELISA standard 

(Item No. 483375, reconstituted with 1ml assay buffer) were added in duplicate to wells and 

incubated for 1 h at room temperature on an orbital shaker, then the plate was washed 4 times with 

wash buffer. Next, plate was incubated for the second time with 100 µL of anti-IL-6 Biotin 

Conjugate rat monoclonal antibody (Item No. 483370, reconstitutes with 12 mL assay buffer) for 

1 h. at RT on orbital shaker. Again the plate was washed 4 times with wash buffer. Third incubation 

with 100 µL of diluted IL-6 streptavidin-HRP (Item No. 483373) (1.2ml (10X) IL-6 streptavidin-

HRP was diluted with 10.8 ml assay buffer) was done for 30 min at RT on an orbital shaker. Then 

wells were emptied and washed 4 times. Then, 100 µL of the chromogenic TMB (3,3’,5,5’-

tetramethylbenzidine) substrate solution (Item No. 400072) was added to each well for 30 min at 

RT followed by 100 µL HRP Stop Solution (Item No. 10011355) to stop the reaction, and then the 

plate developed a yellow color. Finally, IL-6 concentration was determined spectrophotometrically 

at 450 nm. The intensity of the color is directly proportional to the IL-6 concentration. Finally, 

standard curve was plotted as absorbance (y-axis) versus IL-6 standard (S1-S8) concentrations (x-

axis). Using line equation, concentration of IL-6 was calculated for each sample (Fig. Supl.2.1B).  

Note: IL-6 ELISA kit sensitivity: minimum detectable concentration is 23 pg/ml 
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2.10. Statistical Analysis: 

Data are presented as means ± SE for the indicated number of independently performed 

experiments. One way ANOVA with Student–Newman–Keuls (SNK) post-hoc test was used to 

identify the statistical significance between multiple groups. A P-value < 0.05 was considered 

statistically significant. The comparative analysis of results between different experimental groups 

respective to their corresponding controls was conducted using SigmaPlot (Version 14.0; Systat 

Software, Chicago, IL, USA). Furthermore, linear regression was performed for all values obtained 

of Griess and ELISA assays. 
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Fig. 2.2. Schematic diagram showing the methods used according to the aims of the study. 

(Created with Biorender.com) 

 

 

 

 

 

 

 

 

https://www.researchgate.net/deref/http%3A%2F%2FBiorender.com
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3. RESULTS 

 

3.1 Effect of different time points and concentrations of LPS and IFN- γ on cell viability in 

RAW 264.7 macrophages.  

     To decide the nontoxic concentrations of LPS and IFN- γ to be used in the present study, 

RAW 264.7 cells were treated for 24 and 48 h with two concentrations of LPS (10 and 100 ng/mL) 

in the absence and presence of IFN-γ at 5 and 10 U/mL; thereafter, cytotoxicity was measured 

using MTT assay. Figure 3.1A shows that LPS and IFN-γ did not negatively affect cell viability 

after 24 h, alone or in combination. Exposure to LPS (10 ng/ mL) and IFN-γ (10 U/ mL), 

individually, had lower cytotoxicity by 19 and 31%, respectively, compared to control. Co-

exposure of LPS (10 ng/ mL) with IFN-γ (5 and 10 U/ mL) showed lower cytotoxicity by 31 and 

21%, respectively, in respect to control. And, co-exposure of LPS (100 ng/ mL) with IFN-γ (5 and 

10 U/ mL) had lower cytotoxicity by 23 and 32%, respectively, compared to control. On the other 

hand, Fig. 3.1B showed decreased cell viability after 48 h with some treatments. LPS (10 ng/mL) 

in the presence of 5 or 10 U/mL IFN-γ decreased cell viability by 42 and 30 %, respectively. 

Similarly, LPS (100 ng/mL) in the presence of 5 or 10 U/mL IFN-γ decreased cell viability by 23 

and 19%, respectively. Also, individual IFN-γ at concentration (10 U/mL) decreased cell viability 

by 20%, whereas LPS (10 and 100 ng/ mL) and IFN-γ (5 U/ mL) did not show a significant effect 

on cell viability. Based on these information, all subsequent experiments were conducted at 24 h. 
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Fig. 3.1.  Effect of LPS and IFN-γ on cell viability. RAW 264.7 macrophages were exposed to LPS (10 or 100 ng/mL) 

in the presence or absence of IFN- γ (5 or 10 U/mL) for 24 h (A) and 48 h (B). Cell cytotoxicity was measured 

using MTT assay. Data are expressed as a percentage of control (at 100%) ± S.E. (n=8). Comparisons are 

made with ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with 

control. 
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3.2 Effect of DOX on cell viability in RAW 264.7 macrophages 

 To decide the nontoxic concentrations of DOX to be used in the present study, RAW 264.7 

cells were exposed to increasing concentrations of DOX (0.005 – 0.5 µM); thereafter, cytotoxicity 

was measured using the MTT assay. It has been shown that DOX alone at concentrations (0.005 - 

0.1 µM) did not significantly affect cellular viability, whereas 0.5 µM DOX decreased cell viability 

by 18% (Fig. 3.2). Therefore, DOX was used in all subsequent experiments at concentration of 0.1 

µM. 

 

 

 

 

 

3.2.        Effect of DOX on cell viability. RAW 264.7 macrophages are exposed to increasing concentrations of 

DOX (0.005, 0.01, 0.05, 0.1, or 0.5 µM) for 24 h. Cell cytotoxicity was measured using MTT assay. Data 

are expressed as a percentage of control (at 100%) ± S.E. (n=8). Comparisons are made with ANOVA 

followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control. 
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3.3  Effect of CUR, RES and SFN on cell viability in RAW 264.7 macrophages. 

 

       To decide the nontoxic concentrations of CUR, RES, and SFN to be used in the present 

study, RAW 264.7 cells were treated for 24 h with increasing concentrations of treatments (5 

– 20 µM) alone and in combination with LPS/IFN-γ (10 ng/ 10 U/ mL) in the presence or 

absence of DOX (0.1 µM); thereafter, cytotoxicity was measured using the MTT assay. Figure 

3.3A shows that exposure to CUR (5 and 10 µM), RES (5 – 20 µM), or SFN (20 µM) alone 

did not significantly affect cell viability, whereas CUR (20 µM) and SFN (5 and 10 µM) 

increased cell viability by 17, 17, and 18%, respectively. On the other hand, when cells are 

stimulated with LPS/IFN-γ, SFN (10 and 20 µM) conserved its proliferative effect and 

increased cell viability by 16 and 14%, respectively in the presence of DOX, and similarly by 

15 and 18%, respectively in the absence of DOX (Fig. 3.3B, Supl.3.1). While, SFN (5 µM), 

CUR and RES (5 – 20 µM) did not significantly affect cell viability. 
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Fig. 3.3. Effects of CUR, RES and SFN on cell viability. RAW 264.7 macrophages were exposed for 24 h to CUR, 

RES or SFN at increasing concentrations of (5, 10 or 20 µM) alone (A) or with LPS (10 ng/mL) plus IFN-

γ (10 U/mL) in the presence of DOX (0.1µM) (B). Cell cytotoxicity was measured using MTT assay. Data 

are expressed as a percentage of control (at 100%) ± S.E. (n=8). Comparisons are made with ANOVA 

followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P <0.05, 

compared with LPS/IFN-γ plus DOX group. 
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3.4 Effect of different concentrations of LPS and IFN- γ on nitrite production in RAW 

264.7 macrophages.  

To determine the concentrations of LPS and IFN-γ to be used for RAW 264.7 cells activation, 

the individual and combined effects of LPS and IFN-γ were examined on RAW 264.7 

macrophages. Cells were treated for 24 h with increasing concentrations of LPS (10 and 100 

ng/mL) in the absence or presence of IFN-γ at 5 and 10 U/mL; thereafter nitrite production was 

assessed as an indicator for macrophage activation using the Griess method. Figure 3.4A shows 

that individual exposure to LPS at concentrations of 10 and 100 ng/mL induced nitrite production 

by nearly 500 and 400%, reaching a level of (7.1 ± 0.8) and (5.9 ± 0.4) µM, respectively, while 

IFN-γ at 5 and 10 U/mL showed a concentration-related NO production by 1000 and 1150%, 

evident at (14.4 ± 2.0) and (16.2 ± 1.1) µM, respectively.  

Also, different combinations of LPS/IFN- γ showed a seemingly corresponding additive effect 

in respect to each individual component. Co-exposure to LPS (10 ng/mL) and IFN-γ (5 U/mL) 

showed higher stimulation at (19.4 ± 1.3) µM than each of them alone. Other combinations with 

increasing concentrations showed higher nitrite induction by 1600% for both LPS/IFN-γ (10 ng/10 

U/mL) and (100 ng/5 U/mL), evident at (23.1 ± 1.1) and (23.4 ± 1.7) µM, respectively. The highest 

tested combination, LPS/IFN- γ (100 ng/10 U/mL) elevated nitrite by 1700%, evident at (25.3 ± 

1.1) µM, which is not significant from LPS/IFN-γ (10 ng/10 U/mL). Based on these information, 

all subsequent studies were conducted using the concentrations of LPS at 10 ng/ mL and IFN-γ at 

10 U/ mL. 
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Fig. 3.4.  Effect of LPS and IFN-γ on nitrite production. RAW 264.7 macrophages were exposed to LPS (10 or 100 

ng/mL) in the presence or absence of IFN-γ (5 or 10 U/mL) for 24 h. Data are expressed as mean ± S.E. 

(n=8). Comparisons are made with ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test; *, 

P <0.05, compared with control. 
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3.5 Effect of CUR, RES and SFN on nitrite production in RAW 264.7 macrophages. 

 To examine the effect of herbal treatments on nitrite production, RAW 264.7 cells were 

exposed for 24 h to increasing concentrations of CUR, RES, or SFN (5 - 20 µM) in the presence 

or absence of LPS/IFN-γ (10 ng/ 10 U/ mL) with or without DOX (0.1 µM). Thereafter, nitrite 

levels were assessed using Griess method. Figure 3.5 shows that LPS/IFN-γ with/without DOX 

induced nitrite levels by 300%. When cells are co-exposed to LPS/IFN-γ plus DOX in the presence 

of the tested phytochemicals, SFN (5 – 20 µM) inhibited induced nitrite levels by 58, 75, and 87%, 

respectively in a concentration-dependent manner, and CUR only at 20 µM decreased nitrite 

induction by 23% decrease, whereas RES did not show any significant effect on nitrite production 

(Fig. 3.5).  

To assess the difference in effect of tested phytochemicals in the absence of DOX, RAW 264.7 

cells were cotreated with LPS/IFN-γ alone in the presence of CUR, RES, or SFN at the same 

conditions. Our results did not show much difference in the percent changes of nitrite levels 

between DOX + and DOX – treated groups (Supl.3.2A). Also, it has to be mentioned that DOX 

alone (without LPS/IFN-γ) did not show a direct stimulatory effect on nitrite levels (Supl.3.3). 

    To examine the effects of CUR, RES and SFN on basal nitrite levels, RAW 264.7 cells were 

treated with tested herbal treatments without LPS/IFN-γ stimulation at the same conditions. SFN 

(5 – 20 µM) conserved its inhibitory effect on nitrite production, accounting for 63, 75, and 63% 

inhibition of basal nitrite levels, whereas CUR and RES only at the highest tested concentration 

(20 µM) exhibited an inhibition by 44 and 24%, respectively (Supl.3.2B). 
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Fig. 3.5. Effects of CUR, RES and SFN on nitrite production. RAW 264.7 macrophages were exposed for 24 h to 

CUR, RES or SFN at increasing concentrations of (5, 10 or 20 µM) in the presence of LPS (10 ng/mL) plus 

IFN-γ (10 U/mL) with DOX (0.1µM). Nitrite production was determined using Griess method. Data are 

expressed as mean ± S.E. (n=8). Comparisons are made with ANOVA followed by Student–Newman–

Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P <0.05, compared with LPS/IFN-γ plus 

DOX group.  
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3.6 Effect of CUR, RES and SFN on iNOS mRNA expression in LPS/IFN- γ-stimulated 

RAW 264.7 macrophages.  

To examine whether the inhibitory effect of herbal treatments on nitrite production is due to 

interfering with iNOS mRNA expression, RAW 264.7 cells were exposed for 6 h to increasing 

concentrations of CUR, RES, or SFN (5 and 20 µM) in the presence of LPS/IFN-γ (10 ng/ 10 U/ 

mL) with or without DOX (0.1 µM). Thereafter, iNOS mRNA levels were measured using real-

time PCR. Figure 3.6 illustrates LPS/IFN-γ in the presence and absence of DOX induced iNOS 

mRNA expression similarly by 650%. When cells are cotreated with LPS/IFN-γ plus DOX in the 

presence of the tested phytochemicals, SFN (5 and 20 µM) downregulated induced iNOS mRNA 

levels by 74 and 94%, respectively, whereas CUR 20 did not show any significant effect at any 

concentration (Fig. 3.6). On the other hand, CUR (5 µM) and RES (5 and 20 µM) showed even 

higher expression than that of LPS/IFN-γ treatment by approximately 100 %. 

Similarly, the same treatments were studied on LPS/IFN-γ induced macrophages in the absence 

of DOX, showing the same percent changes of iNOS levels with all the tested concentrations of 

SFN and 20 µM CUR as those observed in DOX+ treated group, but CUR (20 µM) and RES (5 

and 20 µM) showed a decrease in iNOS induced levels by 9, 65 and 70%, respectively (Supl.3.4A). 

It has to be mentioned that DOX alone did not affect iNOS expression in the absence of LPS/IFN-

γ (Supl.3.5A).  

The effect of herbal treatments on basal iNOS expression was examined on RAW 264.7 cells 

without LPS/IFN- γ stimulation. Interestingly, SFN (5 and 20 µM) downregulated iNOS mRNA 

expression levels by 30 and 60%, respectively, while CUR (5 and 20 µM) and RES (5 and 20 µM) 

enhanced its expression by 750, 690, 270, and 300%, respectively (Supl.3.5A). 
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Fig.3.6. Effect of CUR, RES or SFN on iNOS mRNA in LPS/IFN-γ-mediated RAW 264.7 macrophages. RAW 264.7 

cells were treated for 6 h with CUR, RES or SFN (5 and 20 M) in the presence of LPS (10 ng/mL) plus IFN-

γ (10 U/mL) with DOX (0.1 µM). iNOS mRNA levels were measured using qRT-PCR and were normalized 

to GAPDH. Data are expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by 

Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P <0.05, compared with 

LPS/IFN- γ plus DOX treatment.  
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3.7 Effect of CUR, RES and SFN on induced TLR4 mRNA expression in LPS/IFN-γ-

stimulated RAW 264.7 macrophages.  

    To examine the effect of herbal treatments on TLR4 mRNA levels, RAW 264.7 cells were 

exposed for 6 h to two concentrations of CUR, RES, or SFN (5 and 20 µM) in the presence or 

absence of LPS/IFN- γ (10 ng/ 10 U/ mL) with or without DOX (0.1 µM). Thereafter, TLR4 

mRNA levels were measured using real-time PCR. Figure 3.7 demonstrates that LPS/IFN-γ in the 

presence or absence of DOX non-significantly downregulated TLR4 mRNA levels by 50 and 30%, 

respectively. When cells are co-exposed to LPS/IFN-γ plus DOX in the presence of CUR, RES or 

SFN, tested phytochemicals upregulated TLR4 mRNA levels by approximately 630% for CUR (5 

and 20 µM), 570 and 640% for RES (5 µM and 20 µM), respectively, and 560 and 700% for SFN 

(5 and 20 µM), respectively (Fig. 3.7).  

To assess the difference in effect of the experimented herbal treatments without DOX, RAW 

264.7 cells were induced by LPS/IFN-γ alone in the presence of CUR, RES, or SFN at the same 

conditions. Results did not show much difference in the percent changes of TLR4 levels between 

DOX + and DOX – treated groups (Supl.3.4D). Also, it has to be mentioned that DOX alone 

(without LPS/IFN-γ) did not affect TLR4 expression levels (Supl.3.5D). 

To examine the individual effects of herbal treatments on basal TLR4 expression, RAW 264.7 

cells were treated with CUR, RES, and SFN alone without LPS/IFN-γ stimulation. Phytochemicals 

conserved their stimulatory effect on TLR4 expression.  CUR (5 and 20 µM) induced TLR4 by 

650 and 700%, respectively, RES (5 and 20 µM) by 670 and 760%, respectively, and SFN (5 and 

20 µM) by 600 and 780%, respectively (Supl.3.5D).  
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Fig. 3.7. Effect of CUR, RES or SFN on TLR4 mRNA in LPS/IFN-γ-mediated RAW 264.7 macrophages. RAW 264.7 

cells were treated for 6 h with CUR, RES or SFN (5 and 20 M) in the presence of LPS (10 ng/mL) plus IFN-

γ (10 U/mL) with DOX (0.1 µM). TLR4 mRNA levels were measured using qRT-PCR and were normalized 

to GAPDH. Data are expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by 

Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P <0.05, compared with 

LPS/IFN- γ plus DOX treatment.  
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3.8 Effect of CUR, RES and SFN on TNF-α and IL-6 proinflammatory cytokines mRNA 

expression in LPS/IFN- γ-stimulated RAW 264.7 macrophages.  

To examine the effect of herbal treatments on TNF-α and IL-6 mRNA levels, RAW 264.7 cells 

were exposed for 6 h to two concentrations of CUR, RES, or SFN (5 and 20 µM) in the presence 

of LPS/IFN-γ (10 ng/ 10 U/ mL) with or without DOX (0.1 µM). Thereafter, TNF-α and IL-6 

mRNA levels were measured by real-time PCR. Figure 3.8 shows that LPS/IFN-γ in the presence 

and absence of DOX significantly induced IL-6 and TNF-α expression by 6300 and 500%, 

respectively.  

When cells were co-treated with experimented herbal treatments in the presence of LPS/IFN-

γ plus DOX, SFN (5 and 20 µM) significantly attenuated the induced mRNA levels of TNF-α by 

26 and 78%, respectively, and of IL-6 by 84 and 100%, respectively. On the other hand, CUR and 

RES did not show any significant inhibition on TNF-α induced mRNA levels at any concentration 

tested, but both downregulated induced IL-6 mRNA expression levels by approximately 50% at 5 

and 20 µM (Fig. 3.8). Similarly, the same treatments were studied on LPS/IFN-γ induced 

macrophages without DOX, showing approximately the same percent changes of TNF-α and IL-6 

levels with all treatments (Supl.3.4B & C). It has to be mentioned that DOX alone did not affect 

TNF-α or IL-6 mRNA expression in the absence of LPS/IFN-γ (Supl.3.5B & C).  

We further examined the effect of tested herbal treatments on the basal expression levels of 

TNF-α and IL-6 in RAW 264.7 cells without LPS/IFN-γ stimulation. Unexpectedly, CUR and 

RES (5 and 20 µM) upregulated TNF-α and IL-6 levels by approximately 150%. On the other hand 

SFN (5 µM) increased TNF-α level by 150%, but did not affect IL-6 level. While SFN (20 µM) 

had no effect on TNF-α and decreased IL-6 expression by 28% (Supl.3.5B & C).  
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Fig. 3.8. Effect of CUR, RES or SFN on TNF-α and IL-6 mRNA in LPS/IFN-γ-mediated RAW 264.7 macrophages. 

RAW 264.7 cells were treated for 6 h with CUR, RES or SFN (5 and 20 M) in the presence of LPS (10 ng/mL) 

plus IFN-γ (10 U/mL) with DOX (0.1 µM). TNF-α (A) and IL-6 (B) mRNA levels were measured using qRT-

PCR and were normalized to GAPDH. Data are expressed as mean ± S.E. (n=3). Comparisons are made with 

ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P 

<0.05, compared with LPS/IFN- γ plus DOX treatment.  
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3.9 Effect of CUR, RES and SFN on TNF-α and IL-6 protein levels in LPS/IFN- γ-

stimulated RAW 264.7 macrophages.  

To determine whether the observed inhibition of LPS/IFN-γ-induced TNF-α and IL-6 mRNA 

levels by SFN, in comparison to CUR and RES, is further translated to the protein level, RAW 

264.7 cells were exposed for 24 h to 20 µM of CUR, RES, and SFN in the presence of LPS/IFN-

γ (10 ng/ 10 U/ mL) with or without DOX (0.1 µM). Thereafter, the protein levels of TNF-α and 

IL-6 was assessed using ELISA. Figure 3.9A shows that LPS/IFN-γ in the presence or absence of 

DOX increased TNF-α levels to 1822.41 and 1694.82 pg/mL, respectively (TNF-α levels were 

undetected in untreated control cells). On the other hand, IL-6 protein levels were induced by 1943 

%, in the presence of DOX, and by 2022 %, in the absence of DOX (Fig. 3.9B).  

When cells were cotreated with tested phytochemicals in the presence of LPS/IFN-γ with 

DOX, SFN (20 µM) downregulated both TNF-α and IL-6 induced expression by almost 98 %, 

whereas CUR and RES (20 µM) did not show any inhibitory effect on neither IL-6 nor TNF-α 

induced expression levels (Fig. 3.9). Similar results were observed in LPS/IFN-γ-induced cells 

without DOX treatment (Supl.3.6A & B). It has to be mentioned that DOX alone did not affect 

TNF-α (data not shown) or IL-6 protein levels in the absence of LPS/IFN-γ (Supl.3.6 C).  

The effect of the tested phytochemicals was examined in the absence of LPS/ IFN-γ 

stimulation. TNF-α protein levels were undetected with all treatments (data not shown) and IL-6 

was released in a negligible amount, which was totally undetectable with SFN at 20 µM (Supl.3.6 

C).  
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Fig. 3.9. Effect of CUR, RES or SFN on TNF-α and IL-6 protein in LPS/IFN-γ-mediated RAW 264.7 macrophages. 

RAW 264.7 cells were treated for 24 h with CUR, RES or SFN (5 and 20 M) in the presence of LPS (10 

ng/mL) plus IFN-γ (10 U/mL) with DOX (0.1 µM). TNF-α (A) and IL-6 (B) protein levels were quantified 

using ELISA. Data are expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by 

Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; $, P <0.05, compared 

with LPS/IFN- γ plus DOX treatment. 

 

T
N

F
-a

 p
ro

te
in

 (
p
g
/m

L
)

0

1000

2000

3000

4000

5000

   
LPS/IFN-g

DOX (mM)

CUR (mM)

 RES (mM)

SFN (mM)

- + + + + +

- - + + + +

- - - 20 - -

- - - - 20 -

- - - - - 20

*
*

*

*

$

$

N.D

A

IL
-6

 p
ro

te
in

 (
p

g
/m

L
)

0

1000

2000

3000

4000

5000

6000

   
LPS/IFN-g

DOX (mM)

CUR (mM)

 RES (mM)

SFN (mM)

- + + + + +

- - + + + +

- - - 20 - -

- - - - 20 -

- - - - - 20

*
*

* $

$

B



80 
 

3.10 Basal and LPS/IFN-γ-induced expression of miR-146a, miR-155 and miR-21 

miRNAs in RAW 264.7 macrophages. 

A novel comparison was conducted between the relative expression levels of the tested 

miRNAs in RAW 264.7 macrophages using real-time PCR and data were presented as log10 

fold change. On the basal level without LPS/IFN-γ stimulation, Fig. 3.10 shows that miR-21 

is the most expressed miRNA in RAW 264.7 macrophages relative to miR-155 and miR-146a, 

with 1- and 5-log higher in fold change, respectively. On the other hand, miR-155 expression 

was 3.5-log higher in fold change relative to miR-146a, which is the least expressed miRNA 

in RAW 264.7 cells. Upon LPS/IFN-γ (10 ng/10 U/mL) stimulation, miR-146a was induced 

by only 0.5-log fold change, whereas both miR-155 and miR-21 are increased by 1-log fold 

change, relative to their respective controls, which corresponds to their relative basal 

expression (Fig. 3.10).  
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Fig. 3.10. Relative expression of miR-146a, miR-155, and miR-21 in RAW 264.7 macrophages. RAW 264.7 cells 

were treated for 6 h with LPS (10 ng/mL) plus IFN-γ (10 U/mL). The basal and induced expression levels of 

miR-146a, miR-155, and miR-21 were measured using qRT-PCR and were normalized to RNU6. Data are 

expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by Student–Newman–

Keuls (SNK) post-hoc test; *, P <0.05, compared with corresponding control.  
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3.11 Effect of SFN on miR-146a, miR-155 and miR-21 miRNAs induced expression in 

LPS/IFN- γ-stimulated RAW 264.7 macrophages.  

In an effort to determine whether SFN-mediated effect on the LPS/IFN-γ-induced stimulation 

of different inflammatory markers is occurring through an epigenetic mechanism, we examined 

the potential effect of SFN on miR-146a, miR-155, and miR-21 expression using real-time PCR. 

For this purpose, RAW 264.7 cells were exposed for 24 h to SFN (5 and 20 µM) in the presence 

of LPS/IFN-γ (10 ng/ 10 U/ mL) plus DOX (0.1 µM). Our results showed that miR-146a and miR-

155 were upregulated by almost 500 and 300%, respectively, in response to LPS/IFN-γ plus DOX 

(Fig. 3.11A & B). On the other hand, when cells were coexposed to SFN (5 and 20 µM) in the 

presence of LPS/IFN-γ plus DOX, SFN attenuated the induced levels of miR-146a and miR-155 

by 85 and 40%, respectively (Fig. 3.11A & B), whereas no significant effect was observed on miR-

21 expression levels (Fig. 3.11C). 
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Fig. 3.11. Effect of SFN on miR-146a, miR-155, and miR-21 expression in LPS/IFN-γ-mediated RAW 264.7 

macrophages. RAW 264.7 cells were treated for 6 h with SFN (5 and 20 M) in the presence of LPS (10 ng/mL) 

plus IFN-γ (10 U/mL) with DOX (0.1 µM. The expression levels of miR-146a (a), miR-155 (b), and miR-21 

(c) were measured using qRT-PCR and were normalized to RNU6. Data are expressed as mean ± S.E. (n=3). 

Comparisons are made with ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, 

compared with control; $, P <0.05, compared with LPS/IFN-γ plus DOX treatment. 
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4. DISCUSSION 

In the present study, we studied the direct and indirect effect of DOX on the activation of RAW 

264.7 macrophages through TLR4 signaling pathway. Qualitative studies on NO production and 

gene expression analysis of inflammatory mediators, such as iNOS, TNF-α, and IL-6 has been 

conducted, showing no direct effect of DOX on TLR4 signaling in RAW 264.7 macrophages, and 

confirmed its role in macrophages’ activation to be primarily dependent on endotoxin leakage 

(179). Our second main finding is that SFN effectively attenuated RAW 264.7 macrophage 

stimulation, which is reflected in suppressing the gene expression levels of proinflammatory 

enzymes and cytokines, including iNOS, TNF-α, and IL-6 on the transcriptional level, as well as, 

NO levels, and TNF-α and IL-6 proteins at the post-transcriptional level. Interestingly, we also 

found that SFN downregulated LPS/IFN- γ-induced expression of miR-155 and miR-146a, which 

are key regulatory miRNAs in inflammatory response 

DOX is a member of the anthracycline family used in the treatment of both hematologic and 

solid tumors (143). Cardiotoxicity, however, is its major limiting side effect (143). DOX-induced 

cardiotoxicity has been previously proposed to be mediated through several mechanisms, such as 

oxidative stress through free radical generation, mitochondrial dysfunction through membrane 

lipid peroxidation, or LPS-induced systemic inflammation via intestinal disruption (143, 179). 

Recent studies have linked cardiometabolic diseases with intestinal dysfunction that result from 

increased levels of intestinal lipopolysaccharides released from gut microbiota and bind to TLR4 

receptor in macrophages, thus activating NF-κB pathway followed by inflammatory cytokines 

generation (248, 400). In a correlative study, DOX administration to mice has been reported to 

directly cause intestinal epithelium damage, which resulted in endotoxin leakage and, therefore, 

severe systemic inflammation through TLR4 signaling in macrophages (179). This inflammation 

can be in part a major factor of DOX severe adverse effects, ranging from cardiotoxicity and 

cardiomyopathy to life-threating heart failure (179). Few data, however, are provided on the exact 

role of macrophages in chemotherapy-induced myocarditis (401).  

Our data revealed no significant direct or additive effect of DOX on the activation of RAW 

264.7 cells, when used alone or in combination with LPS/IFN- γ, which has been indicated by 

assessing NO production levels and the gene expression levels of inflammatory mediators, 

including iNOS, TNF-α and IL6. This observation could be related, in part, to the absence of 
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intestinal epithelium in in vitro studies, which is the primary target for DOX to induce 

inflammation in mice as demonstrated by Wang et al (179). Additionally, Wang et al. showed that 

isolated peritoneal macrophages treated with LPS plus DOX induced higher levels of TNF-α and 

IL-6 than those stimulated with LPS alone, which is inconsistent with our results (Fig. 3.8), 

showing no inducing effect of DOX on the upregulation of TNF-α or IL-6 (179). It worth 

mentioning that the concentration of DOX used in Wang et al study was higher than that used in 

the current study, which was determined based on MTT results (Fig. 3.2). Also our experimented 

RAW 264.7 cell line has acquired genetic and phenotypic differences in comparison to peritoneal 

macrophages (122), which might explain the variation in results. Nevertheless, in the current study, 

we induced RAW 264.7 macrophages with LPS/IFN-γ in the presence of DOX in order to mimic 

the physiological environment maintained in the body and to investigate if there is a direct effect 

for DOX on macrophages. However, the direct activity of DOX might be more prominent on other 

types of inflammatory cytokines rather than TNF-α and IL-6. A study done by Sauter et al. 

highlighted the enhanced expression of  pro-IL-1β in LPS-primed BMDM upon DOX treatment, 

and also reported DOX induced IL-6 and TNF-α levels only in mice (402).  

In the present study, RAW 264.7 cells were exposed to LPS and IFN-γ alone and in 

combination. According to macrophage activation and polarization guidelines, IFN-γ cytokine 

together with LPS are involved in M1 polarization of RAW 264.7 macrophages (403, 404). As 

shown in Fig. 3.4, combinations of LPS and IFN- γ enhanced the release of NO, which is consistent 

with Reis et.al study disclosing a synergistic effect for LPS and IFN-γ on NO release by RAW 

264.7 macrophages; however, they used a higher concentration for IFN-γ and did not indicate 

cellular viability data (405). Hence, we propose a model whereby LPS and IFN-γ combination is 

optimized to fine tune RAW 264.7 macrophage activation, independent of any cytotoxic effect 

(Fig.3.1 & Fig. 3.4).  

In macrophages, NO production is induced primarily by LPS and IFN-γ through the activation 

and transcription of the gene encoding for iNOS enzyme (383). After LPS/IFN-γ exposure, 

macrophages showed significant increase in NO production, observed at about 24 h (Fig. 3.4) and 

the rate of its production was elevated time-dependently for at least 48 h (data not shown). Cell 

viability was determined for the 24 and 48 h time points (Fig. 3.1). Decreased cell viability was 

observed after 48 h incubation with LPS/IFN-γ combinations at all tested concentrations, which is 
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consistent with Shi et al. results showing a time-dependent significant negative effect between LPS 

different incubation time and cell relative growth rate (406). Another study by Liu et al. explained 

that LPS/IFN-γ negatively regulate cell proliferation, which is evident by low percentage of 

macrophages in S-phage and mitosis and subsequent downregulation of cell cycle regulators upon 

LPS/IFN-γ in macrophages (407). Accordingly, we continued with the 24 h time period in the 

subsequent experiments. An additional study by Fan et al. demonstrated the effect of LPS on cell 

growth regulation to be multifunctional. They showed that LPS inhibitory and stimulatory effects 

on macrophage proliferative regulation are based on the coexisting cytokines, which might explain 

the observed increase in cell viability with LPS/IFN-γ tested concentrations (Fig. 3.1) (408) 

Furthermore, iNOS mRNA induction by LPS/IFN-γ (Fig. 3.6) was consistent with increased 

NO production by LPS/IFN-γ shown in (Fig. 3.4). Altogether, these findings are compatible with 

Chiou et.al study showing an induced NO accumulation and iNOS upregulation by LPS/IFN-γ 

after 24 h (383). 

Macrophage phenotype is influenced by the release of pro-inflammatory cytokines, such as IL-

6 and TNF-α through activating TLR4 signaling pathway and inducing the so-called "classically 

activated" macrophages that are characterized by pronounced inflammatory responses (409). In 

highlight of this, LPS/IFN-γ treated RAW 264.7 macrophages showed a striking overexpression 

of IL-6 and TNF-α, on both the mRNA and protein levels (Fig. 3.8 and 3.9), affirming the cause-

effect relationship between pro-inflammatory cytokines and enhanced inflammatory reaction in 

response to LPS stimulation (18).  

Macrophage sensitivity to LPS is partly regulated at the level of TLR4 expression (410, 411). 

Although TLR4 upregulation is reported in several experimental models of inflammation including 

intestinal inflammation (412), our findings confirmed the suppressive effect of LPS on TLR4 

mRNA expression (Fig. 3.7). This finding is in agreement with that of Tsatsanis et.al, 

demonstrating that TLR4 showed decreased expression after 2 h following LPS stimulation in 

RAW 264.7 macrophages, which represents a negative regulatory mechanism through TLR4 

downregulation (410). In this context, Matsuguchi et al. study showed increased TLR2, but 

constant TLR4 mRNA expression levels upon treatment with LPS and IFN- γ in RAW 264.7 cell 

line, in vitro and in mouse splenic macrophages, in vivo (413). Several studies have implicated the 

effect of LPS on TLR4 expression to be a possible compensatory mechanism that leads to the 
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development of macrophage tolerance towards further LPS stimulation and to help in the 

containment of inflammatory response (414, 415). The effect of LPS on TLR4 expression is a form 

of a dynamic balance between the process of activation and suppression of immune response, 

which is critical in host-immunity homeostasis (416). Upon LPS exposure, different regulatory 

feedback mechanisms take place to limit the strength of innate immune response signaling 

transduction, and one of these regulatory mechanisms is the downregulation of TLR expression 

(410, 414-416).  

On top of this, our data present a first time comparison between the protective effects of CUR, 

RES, and SFN on DOX-induced inflammation in RAW 264.7 macrophages. The polyphenols 

(CUR and RES) and the isothiocyanate (SFN) are previously proved to have a potent anti-

inflammatory activity, as well as, antioxidant and chemopreventive effects (30, 248). These 

phytochemicals have been chosen, in specific, for their efficacy, safety and easy oral 

administration (30, 233). However, the comparative variations in their efficacy and the differences 

in their anti-inflammatory mechanisms is still unknown, particularly with DOX-induced 

inflammation (30, 248). 

In the present study, it has been observed that SFN significantly increased cell viability at all 

tested concentrations (Fig. 3.3), which could be explained by Shih et al. study demonstrating a 

promoting effect on T and B cells upon SFN treatment, which play a role in modulating the 

immune responses (417). 

In addition, we show that in a process independent of cytotoxicity, SFN exhibited a dose-

depended inhibition on LPS/IFN-γ-induced NO production in RAW 264.7 cells, while only the 

highest tested concentration of CUR (20 µM) managed to suppress NO, yet still not as much as 

SFN; however, RES did not show any inhibitory effects at any concentration (Fig. 3.5).  

NO, which is an important signaling molecule produced by activated macrophages, plays a 

main role in the pathogenesis of inflammation and inhibition of pathogen replication (36). 

Although important as a defense molecule against infection, its excessive production is cytotoxic 

(36, 418). Therefore, NO inhibitors present a principal therapeutic advance in the management of 

inflammatory diseases (418). Several studies presented a persuasive evidence for the involvement 

of NO in the progression of inflammatory response and suggested its attenuation as an effective 

approach to alleviate mediated inflammatory reactions (419). Several methods exist for measuring 
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NO in biological systems, of which is Griess diazotization reaction used to spectrophotometrically 

detect nitrite formed by the spontaneous oxidation of NO under physiological conditions (420-

424). Knowing that NO production is catalyzed by iNOS enzyme (425), we also investigated the 

effect of CUR, RES, and SFN treatments on the enzyme expression in LPS/IFN-γ activated 

macrophages treated with DOX. Our observations indicated the marked effectiveness of SFN in 

inhibiting iNOS mRNA expression in a dose-dependent manner, whereas no significant effect was 

shown with neither CUR nor RES (Fig. 3.6). This finding demonstrated that iNOS mRNA 

downregulation may be the factor contributing to the inhibitory effect of SFN on iNOS enzyme 

activity as evident by its effect on NO production. Additionally, SFN efficacy was eminent on 

basal NO production and iNOS expression in inactivated macrophages (Fig. Supl.3.3B & 3.5A).  

Furthermore, the expression of immuno-stimulatory cytokines have been stated to activate 

iNOS and generate high concentrations of NO through NF-κB (425). LPS-induced pro-

inflammatory cytokines, such as TNF-α and IL-6, are known signaling molecules that mediate and 

regulate inflammation (18). Specifically, TNF-α and IL-6 are known to be rapidly evoked upon 

LPS stimulation to initiate inflammatory immune response (426). However, their excessive 

production eventually leads to a systemic inflammation (426). Based on this information, the 

pharmacological inhibition of these inflammatory mediators is an important target in the treatment 

of DOX-mediated endotoxemia.  

In the current study, we examined the effect of CUR, RES, and SFN on TNF-α and IL-6 mRNA 

and protein levels. Our data revealed that SFN inhibited the production of TNF-α and IL-6 

production in a dose-dependent manner in LPS/IFN-γ stimulated RAW 264.7 cells in the presence 

or absence of DOX treatment. Given all together, SFN demonstrated a corresponding inhibitory 

effect on TNF-α and IL-6, at the transcriptional and the translational levels. It is worth mentioning 

that SFN efficacy at 20 µM concentration managed to effectively drop TNF-α and IL-6 expression 

levels to nearly their basal levels in unstimulated macrophages. On the other hand, RES and CUR 

showed a noticeable inhibitory effect on IL-6 mRNA expression levels, but this effect did not 

extend to the protein levels. While they showed no recognizable effect on TNF-α in the presence 

of DOX, yet a slight decrease was observed in the absence of DOX. Besides IL-6 induced mRNA 

expression, SFN at its highest tested concentration (20 µM) inhibited IL-6 basal mRNA expression 

in RAW 264.7 macrophages, which confirmed the inhibitory effect of SFN on IL-6. All in all, SFN 
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remarkable inhibitory effect was in agreement with Ruhee et al, exhibiting the suppressive effect 

of SFN on the release of NO, TNF-α, and IL-6 in LPS-primed RAW 264.7 macrophages (427). 

It has been shown previously that macrophage sensitivity to LPS is partly regulated at the level 

of TLR4 expression (410, 411). TLR4 is a transmembrane receptor that is a member of the toll-

like receptor family, which belongs to the pattern recognition receptor (PRR) family. When TLR4 

is activated, an intracellular signaling pathway NF-κB is turned on and inflammatory cytokines 

are produced, activating the innate immune system (428). CUR, RES, and SFN have been 

previously reported to display an antagonistic effect on TLR4 receptor in macrophages (81, 429). 

In highlight of this information, we determined the effect of equivalent concentrations of CUR, 

RES, and SFN on TLR4 mRNA expression in RAW 264.7 cells. Interestingly, our results revealed 

that all the experimented herbal treatments upregulated TLR4 mRNA expression in activated and 

inactivated macrophages. This effect is likely to indicate the direct antagonistic effect of CUR and 

SFN on TLR4 receptor, which was previously mentioned in several studies, (81). A direct 

competitive inhibition of CUR and SFN on TLR4-LPS binding site, known as MD2, was 

previously reported (81). And although direct targets of RES in TLR4 pathway have not been 

identified, inhibition of TRIF-induced NF-κB activation has been introduced as a molecular target 

for RES in RAW 264.7 cells (429). Altogether, this might explain the mRNA levels induction of 

TLR4 after exposure to CUR, RES, and SFN to be a possible refractory upregulation of the 

receptor in response to their antagonistic activity. 

Collectively, our findings raised the possibility that the observed weak activity of CUR and 

RES, in comparison to SFN, might be due to having a modest efficacy, and a dose-effect 

relationship that limited their effects at low concentrations. As illustrated by Chen et al., a weak 

inhibition of TNF-α and IL-1β was reported in RAW 264.7 cells with low concentrations of CUR 

at 5 and 10 µM (430). Also, a study by Matsuguchi et al. highlighted the necessity of  the use of 

high concentrations of CUR (50 µM or higher) for a significant inhibitory effect on TLR signaling 

(413). Another paper by Nelson and his colleagues criticized the instability, low water solubility, 

lack of efficacy and selective target activity of CUR, and questioned the results published in 

literature that demonstrate CUR activity (81, 431). Similarly, RES at high concentration of 60 µM 

was used to induce TLR4 inhibition in LPS-induced RAW 264.7 cells as proposed by Yang et al. 
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(305). It has to be noted that low concentrations of CUR and RES at 5 and 20 µM only were 

determined based on our cellular viability data (Supl.3.1A).  

Given all the evidence obtained so far, our results present a novel comparative observation that 

nominates SFN, over CUR and RES, to be a promising TLR4 antagonist that can counteract DOX-

mediated systemic inflammation due to its marked pharmacological efficacy. 

Going one step further, we assessed the mechanism of action underlying such a function by 

conducting an in depth mechanistic investigation on the expression of the selected trio: miR-146a, 

miR-155, and miR-21. These miRNAs are selected, in specific, because of their obvious 

upregulation in response to TLR activation, and their key role as immune modulators in TLR 

signaling pathway (120). The expression of miR-146a, miR-155, and miR-21 is induced by TLR 

agonists, such as LPS, therefore, they are directly controlled by the NF-κB-dependent pathway, 

and they usually employ a feedback control over the NF-κB-dependent response by fine tuning the 

expression of key mediators of this pathway (432). Post-transcriptionally, miRNAs are used to 

mediate translational repression or degradation of mRNA through their base pairing to 3’ UTR of 

the target mRNA region (433).  

Differential expression of miRNAs influence macrophage activation, polarization and 

differentiation through regulating gene sets that are responsible for different biological pathways 

(432). Our results presented a novel comparison between the relative expression levels of miR-

146a, miR-155, and miR-21 in RAW 264.7 macrophages, showing a relatively higher expression 

of miR-155 and miR-21 over miR-146a on the basal and induced states of macrophages (Fig.3.10).  

The induced expression of the tested miRNAs was examined in LPS/IFN-γ stimulated 

macrophages (Fig. 3.11). In line with a recent study showing increased levels of miR-146a in LPS-

treated macrophages, our results showed an upregulation of miR-146a, which plays a protective 

role against LPS-induced damage (Fig.3.11A) (434). Mechanistically, NF-κB activation induced 

by LPS has been reported to upregulate miR-146a, which, in turn, downregulated IRAK1 and 

TRAF6 proteins and suppressed the pro-inflammatory cytokines, including iNOS and TNF-α, thus 

inhibiting TLR pathway activation in macrophages (88, 435). 

Additionally, miR-155 was also upregulated (Fig.3.11B), which agrees well with Bala and his 

colleagues showing enhanced miR-155 levels upon LPS stimulation in RAW 264.7 cells (436). In 
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macrophages, TLR agonists (e.g. LPS) and pro-inflammatory cytokines induce miR-155 

expression, which exerts a positive feedback effect on NF-κB signaling (117, 120). Also, miR-155 

indirectly enhances the production of TLR-induced proinflammatory cytokines, including IL-6 

and TNFα through increasing their mRNA half-life and translation (432, 437). This information 

correlates well with the observed upregulation of TNF-α and IL-6 in LPS/IFN-γ-induced RAW 

264.7 macrophages (Fig. 3.8 and 3.9). 

Also, miR-21 was overexpressed with LPS/IFN-γ stimulation in RAW 264.7 macrophages 

(Fig.3.11C), which conform to Lu et al. and Feng et al. studies, presenting an upregulation of miR-

21 level in LPS-treated RAW 264.7 macrophages (438, 439). Similar to miR-146a and miR-155, 

miR-21 expression is triggered by TLR agonists, such as LPS (440). It has been mentioned that 

miR-21 impairs MyD88-dependent NF-κB activation and IL-6 expression, but enhances the 

expression of the anti-inflammatory cytokine, IL-10, through inhibition of PDCD4, which is an 

IL-10 inhibitor (114). 

 

In order to determine the effect of DOX on the expression of these miRNAs, we investigated 

their expression for the first time in LPS/IFN-γ activated macrophages treated with DOX. An 

enhanced upregulation of miR-146a was observed after DOX treatment (Fig. 3.11A). This finding 

was consistent with Horie et al. study on cardiomyocytes treated with DOX, suggesting a direct 

relationship between miR-146 upregulation and DOX-induced cardiotoxicity (441). While miR-

155 and miR-21 did not show a significant difference with DOX. 

 

Interestingly, SFN effect has been examined on miR-146a, miR-155, and miR-21 in LPS/IFN- 

γ primed macrophages treated with DOX. In line with Deramaudt et al. study (378), SFN 

downregulated the LPS/IFN-γ -mediated induction of miR-146a (Fig. 3.11A), which is a critical 

brake on pro-inflammatory NF-κB signaling in macrophages. This might be explained in terms of 

SFN inhibitory effect on TLR4 signaling in RAW 264.7 macrophages, which in turn exhibited a 

dependent-downregulation of miR-146a as a part of a negative feedback loop (442).  

Also, SFN exhibited a dose dependent inhibition on miR-155 expression (Fig. 3.11B), which 

is consistent with Wagner et al. and Eren et al. studies illustrating a dose-related downregulation 

of miR-155 by SFN in LPS-treated RAW 264.7 cells and N9 microglial cells, respectively (365) 
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(368). Also, Wagner et al. study deduced an existing crosstalk between miR-155, NF-κB and Nrf2 

signaling pathways that might need further investigation in the presence of SFN, which is known 

to exert its anti-inflammatory activity through inhibiting NF-κB pathway and activating Nrf2 

signal transduction cascade (365, 443).  

In addition, SFN showed no significant effect miR-21 expression levels in activated RAW 

264.7 macrophages, which is a novel data presented for the first time excluding the role of miR-

21 to be a possible mechanism for SFN antagonistic effect on TLR4 pathway (Fig. 3.11C). A 

recent study by Cho and his colleagues showed that SFN ameliorated LPS-mediated PDCD4 

mRNA reduction in RAW 264.7 cells, but they could not reveal the underlying mechanism behind 

this finding and speculated to be related to miR-21 overexpression (444). In contrast to their 

speculation, our finding provides a clue for miR-21 insignificant role in PDCD4 suppression in 

RAW 264.7 macrophages, which still needs further verification, may be with higher concentrations 

of SFN. 

Collectively, by analyzing and comparing the expression of the experimented miRNAs in 

RAW 264.7 macrophages, we suggest a model in which miR-146a and miR-155 play an efficient 

fine-tuning mechanism in the regulation of LPS/IFN- γ stimulated TLR4 signaling in murine 

macrophages. In this context, our observations suggest a novel post-transcription mechanism 

underlying the effectiveness of SFN as an anti-inflammatory agent against TLR4 mediated 

inflammation due to its multiple sites of action. 
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5. CONCLUSION AND FUTURE PERSPECTIVES 

 

      In summary, we have shown that SFN, in comparison to CUR and RES, successfully modulates 

TLR4 signaling activation in RAW 264.7 macrophages and effectively inhibits NO, iNOS, TNF-

α, and IL-6 gene expression induced by LPS/IFN- γ. Also, our findings introduced the inhibitory 

role of SFN on the expression of miR-155 and miR-146a, proposing a novel post-transcriptional 

mechanism for SFN that might implicate a regulatory relationship with TLR4/ NF-κB signaling 

pathway in LPS/IFN-γ-activated macrophages. This link between miRNAs and TLR4 pathway 

will need further investigations through overexpression of miR-155 and miR-146a to ascertain the 

direct activity of SFN on miRNA regulation. Also, an in vivo study in mice using higher 

concentrations of CUR, RES, and SFN would be recommended to rule out the concentration-

related effects as a limiting factor in the present study and confirm the anti-inflammatory 

effectiveness of SFN over CUR and SFN. Moreover, our results indicated no significant direct 

activity of DOX in enhancing inflammatory mediators, suggesting its effect on TLR4 stimulation 

in RAW 264.7 macrophages to be indirect through endotoxin leakage. Again, in vivo experiments 

are recommended to confirm the effect of DOX on macrophages stimulation in the presence of 

CUR, RES, and SFN. All in all, our study indicates the therapeutic potential of SFN as an 

immunomodulatory agent in DOX-mediated inflammation. 
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Fig.5.1. Schematic diagram illustrates the role of SFN in mediating DOX-induced TLR4 

signaling cascade 

(Created with Biorender.com) 
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Supplementary Figures 

 

 

                  

 

 

 

            Fig. Supl.2.1. Standard curves of ELISA in (pg/mL) and Nitrite in (µM). (a) TNF-α protein standard curve. (b) IL-6 

protein standard curve. (c) Nitrite standard curve  

              (a) Equation: Y=0.0029 X and R2= 0.9953 

              (b) Equation: Y=0.0009 X and R2= 0.9992 

              (c) Equation: Y=0.0073 X and R2= 0.994 
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Fig. Supl.3.1. Effects of CUR, RES and SFN on cell viability. RAW 264.7 macrophages were exposed for 24 h to 

(A) CUR and RES alone at increasing concentrations (1, 5, 10, 25 or 50 µM), and (B) CUR, RES, or SFN 

at increasing concentrations of (5, 10 or 20 µM) in the presence of LPS (10 ng/mL) plus IFN-γ (10 U/mL). 

Cell cytotoxicity was measured using MTT assay. Data are expressed as a percentage of control (at 100%) 

± S.E. (n=8). Comparisons are made with ANOVA followed by Student–Newman–Keuls (SNK) post-hoc 

test; *, P <0.05, compared with control; $, P <0.05, compared with LPS/IFN- γ group. 
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Fig. Supl.3.2. Effect of DOX on nitrite production. RAW 264.7 macrophages were exposed to increasing concentrations 

of DOX (0.005, 0.01, 0.05, 0.1, or 0.5 µM) for 24 h. Nitrite production was quantified using Griess method. 

Data are expressed as mean ± S.E. (n=8). Comparisons are made with ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control. 
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Fig. Supl.3.3. Effects of CUR, RES and SFN on nitrite production. RAW 264.7 macrophages were treated for 24 h to 

increasing concentrations of CUR, RESV or SFN (5, 10 or 20 µM) alone (A) or in the presence of  LPS 

(10 ng/mL) plus IFN-γ (10 U/mL) (B). Nitrite production was quantified using Griess method. Data are 

expressed as mean ± S.E. (n=8). Comparisons are made with ANOVA followed by Student–Newman–

Keuls (SNK) post-hoc test; *, P <0.05, compared with control; #, P <0.05, compared with LPS/IFN- γ 

group. 
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Fig. Supl.3.4. Effect of CUR, RES and SFN on the mRNA expression of iNOS, TNF-α, IL-6, and TLR4 in LPS/IFN-γ-

mediated RAW 264.7 macrophages. RAW 264.7 cells were treated for 6 h with CUR, RES or SFN (5 and 

20 M) in the presence of LPS (10 ng/mL) plus IFN-γ (10 U/mL). iNOS (a), TNF-α (b), IL-6 (c), and TLR4 

(d) mRNA expression levels were measured using qRT-PCR and normalized against GAPDH. Data are 

expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by Student–Newman–

Keuls (SNK) post-hoc test; *, P <0.05, compared with control; #, P <0.05, compared with LPS/IFN- γ 

group. 
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Fig. Supl.3.5. Effect of DOX, CUR, RES, and SFN on the mRNA expression of iNOS, TNF-α, IL-6, and TLR4 in RAW 

264.7 macrophages. RAW 264.7 cells were treated for 6 h with DOX (0.1 µM), or CUR, RES or SFN (5 

and 20 µM). iNOS (a), TNF-α (b), IL-6 (c), and TLR4 (d) mRNA expression levels were quantified using 

qRT-PCR and normalized against GAPDH. Data are expressed as mean ± S.E. (n=3). Comparisons are 

made with ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with 

control. 
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Fig. Supl.3.6. Effect of CUR, RES and SFN on TNF-α and IL-6 protein levels in LPS/IFN-γ-mediated macrophages. RAW 

264.7 cells were treated for 24 h with CUR, RES or SFN (20 M) alone (C) or in the presence of LPS (10 

ng/mL) plus IFN-γ (10 U/mL) (A & B), TNF-α (A) and IL-6 (B) protein levels were quantified using ELISA. 

Data are expressed as mean ± S.E. (n=3). Comparisons are made with ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test; *, P <0.05, compared with control; #, P <0.05, compared with 

LPS/IFN- γ group; N.D (not detected). 
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