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Resumo 

O sistema imunitário inato é a primeira linha de defesa dos organismos, sendo um componente 

fundamental a inflamação. Os macrófagos são essenciais para o processo inflamatório e possuem uma 

plasticidade funcional em resposta aos sinais presentes no microambiente, conduzindo a fenômenos 

pró ou anti-inflamatórios. As mitocôndrias e os lisossomas estão envolvidos nestes processos através 

da reprogramação metabólica e das respostas autofágicas. Vários estudos enunciaram o efeito anti-

inflamatório do mel, mas o seu efeito na biologia dos organelos das células de mamíferos envolvidas 

na inflamação é pobremente reportado. Este projeto é sobre o efeito modulador do Revamil® (mel de 

grau-médico) em organelos de duas linhas celulares de macrófagos, murinas e humanas. Primeiro, 

foram otimizadas as condições experimentais analisando as mudanças físico-químicas no meio com 

mel diluído e caracterizando os modelos celulares escolhidos. Verificou-se que a concentração ideal é 

de 8mg/ml de Revamil®, uma vez que não afeta as características do meio ou a viabilidade e 

proliferação celular. Também se demonstrou que não há uma modulação específica sobre a expressão 

de marcadores genéticos para a polarização de macrófagos com o tratamento do mel. Finalmente, 

utilizou-se esta concentração para analisar o efeito putativo do mel na morfologia e abundância dos 

organelos em diversas experiências. A abundância de lisossomas e de mitocôndrias parece ser 

aumentada nos macrófagos tratados com o Revamil® mel, estimulados ou não com LPS. Análises em 

western blot demonstraram uma ativação transiente da proteína mTOR em células de RAW 264.7 na 

presença de mel. 

 

 

Palavras-chave: Inflamação; macrófagos; mitocôndria; lisossomas, mel; LPS.  
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Abstract 

The innate immune system is the first line of defence of organisms, and inflammation is a vital capacity 

of it. Macrophages are essential for the inflammatory process and present a functional plasticity in 

response to signals present in the microenvironment, leading into either pro or anti-inflammatory 

phenotypes. Mitochondria and lysosomes are involved in these processes through metabolic 

reprogramming and autophagic responses. Several studies enunciated the anti-inflammatory effect of 

bee honey, but the effect of it on the biology of mammalian cells’ organelles involved in inflammation, is 

poorly reported in the literature. This project is based on the study of the modulatory effect of Revamil® 

(a medical-grade honey) on the organelles from two macrophage cell lines, murine and human. First it 

was optimized the experimental conditions analysing the physicochemical changes in the diluted-honey 

media and characterizing the cell models chosen. It was found that the optimal concentration is 8mg/ml 

of Revamil®, since it does not affect the media characteristics or the cell viability and proliferation. It was 

also show that there is not a specific modulation on the expression of gene markers of macrophage 

polarization with the honey treatment. Finally, this concentration was used to analyse the putative effect 

of honey on the morphology and abundance of the organelles in several experiments. The lysosomal 

and mitochondrial abundance seem to be increased in Revamil® treated macrophages stimulated or not 

with LPS. In addition, western blot analyses show a transient activation of the mTOR in RAW 264.7 

macrophages treated with honey. 

 

 

Keywords: Inflammation; macrophages; mitochondria; lysosomes; honey; LPS. 
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1. Introduction 

In this section a literature review of some important topics for the development of this project is 

presented, as well as its main objectives and hypotheses. 

 

1.1. Immune system 

The immune system, after the central nervous system, is the most complex biological system in nature. 

1 The immune system is a host defence system against the attacks by foreign invaders, and is 

constituted by several biological structures, proteins, cells, tissues and organs, represented in the Figure 

1 for the Homo sapiens sapiens specie. The common pathogen invaders are microbes, such as bacteria, 

viruses, parasites and fungi. An immune system is working properly when it stops or prevents the 

invaders from entering the host or detect a high range of the pathogens after they enter in the host body. 

It also has the ability to recognize mutated cells that can cause several diseases, like cancer. When it 

fails or wrongly identified the foreign invaders, it can trigger several diseases, like autoimmune and 

inflammatory diseases.2 The key for its’ success is the complex and dynamic network that activates the 

immune cells starting tactical changes and producing cytokines to regulate their own growth, 

differentiation and activation, to direct several cells to the target location.3   

 

Figure 1 – Representation of the organs that constitute the immune system in the human body.2 

 

The immune system is classified into two subsystems the innate and the adaptive immune system, some 

of the differences between these two systems are present in the Table 1. The more primitive immune 

mechanisms include myeloid cells like phagocytes, dendritic cells, neutrophils, and molecules such as 

antimicrobial peptides denominated defensins, the complement and coagulation component systems. 

Almost all the vertebrates’ species, including humans, have more sophisticated defence mechanisms, 

such as the capacity to remember pathogens, immunological memory, known as adaptive immune 

system. It acts like a secondary more specific response when the first, the innate immune system, is not 



    14 
 

enough to stop the invasion and is at the origin of antibody production. The immunological memory is 

the principle base of the vaccination. In some literature the innate immune system is basically seen as 

an alarm system to the adaptive system (lymphocytes), maybe if it was only constituted by the dendritic 

cells that act like a link between both systems by phagocytosing, processing and presenting the antigens 

to the lymphocytes, but it is more complex than that.2, 3  

The immune response is usually triggered when the invaders are recognised by the pattern recognition 

receptors, that can bind to conserved components of groups of microorganisms, or when damaged or 

stressed cells send out alarm signals, being some of that signals also recognise by the same receptors. 

The innate immune system is the dominant system of defence in the majority of the organisms (plants 

and animals), it responds immediately to the pathogens in a generic way, on the opposite way of the 

adaptive system, the responses are non-specific, and it does not give the organism a long-lasting 

immunity against that specific pathogen.1 Besides pathogens the innate immune system also kills host 

cells if they are compromised (tumour cells or bacteria/virus-infected cells) a response mediated by 

natural killer cells.2, 3 

 

Table 1 – Differences between the innate and adaptive immune systems.4  

Innate Adaptive 

Acts against foreign bodies, injuries and non-

specific pathogens 

Acts against specific pathogens, antigen and 

changed body cells 

Immediated maximal response 
Lag time between exposure and maximal 

response 

Protection on the outsider: the skin Defence cells in the blood: B lymphocytes 

Protection in the inside: mucous membranes Defence cells in the tissue: T lymphocytes 

Constituted by myeloids cells such as 

phagocytes (micro and macrophages) and 

dendritic cells 

Have immunological memory 

Present in almost all forms of life Present in almost all the vertebrates (90 %) 

 

The innate immune system has several barriers that act as first line mechanical, chemical and biological 

(skin, sneezing, urine, mucus, antimicrobial peptides, enzymes, commensal flora). And a response to 

infection is called inflammation. 

 

1.1.1. Inflammation 

Infections represent a major cause and/or are associated with many human diseases such as common 

cold, pneumonia, hepatitis, herpes, HIV, AIDS.5 As explained before, inflammation is a protective 

immune mechanism that responds to an infection or tissue damage. During inflammation, the body 

symptoms are redness, swelling, heat and pain that are caused by the increased blood flow into the 

target tissue. The alarm is given by the recognition of cytokines and other chemicals that were released 

in the microenvironment by damaged or infected cells. These molecules are recognized by immune cells 

that start the first step of the inflammation which is the infiltration and activation of macrophages and 
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dendritic cells. They release inflammatory mediators that recruit more immune cells to help, like 

neutrophils, eosinophils and mast cells, to the location of the infection. These mediators include 

cytokines, proteases, oxidative enzymes and anti-microbial peptides. The inflammatory reactions are 

essential to clean microbial infections and after to stop the first response of inflammation and start the 

second response that includes the repair of the tissue.  

All immune cells start as immature stem cells in the bone marrow. Precursor cells generated in the bone 

marrow develop into all the cellular elements of blood including those of the immune system. They 

respond to different cytokines and other signals in the microenvironment to differentiate in different 

specialized immune cell types.2,6 The two major types of immune cells are the lymphocytes (T and B 

cells) and phagocytes cells (macrophages) as refer before, and the ones that will be used in this study 

are the macrophages.  

 

1.1.2. Macrophages 

Macrophages are present/resident in large numbers in all tissues of the mammalian organisms being 

critical for monitoring and regulating the local tissue environment.2 The composition of the local tissue 

microenvironment, like metabolites, cytokines, oxygen tension and inflammatory signals, including 

signals from other tissue cells are vital determinants of macrophage metabolism and functional plasticity.   

The macrophages are not homogeneous cells and they play key roles in inflammation (cytokine release, 

phagocytosis) and tissue reparative (stem cell proliferation, angiogenesis, fibrosis) responses, as refer 

before. They originate from monocytes that circulate in the blood and when migrate in the tissues (in 

response to a chemoattractant gradient) differentiated into macrophages. In a more general view they 

are leukocytes (white blood cells) so they phagocyte cells, and ingest pathogens or particles. The 

phagocytes scan all the body looking for pathogens, and they can be called to a specific location by 

special cytokines, called chemokines. After a pathogen has been captured by a phagocyte it is contained 

in an intracellular vesicle (phagosome) and that vesicle fuses with a lysosome to digest the pathogen 

by the action of lysosomal enzymes.7 If the situation seams really difficult to control, macrophages may 

commit pyroptosis, a pro-inflammatory programmed cell death that not only denies safe haven to 

intracellular microbes but also recruits other leukocytes to the site, releasing pro-inflammatory cytokines, 

such as interleukins IL-1β and IL-18.8 

The macrophages are dynamic cells that can produce several chemicals, act as phagocytic cells that 

capture invaders pathogens and other cell debris, and play a major role in the activation alarm for the 

adaptive immune system.2 The macrophages can be polarized, which means they can undergo changes 

in their shape, structure, gene expression and metabolism to be able to perform specific functions, in 

response to the environment. The activation of pathogen recognition receptors, like the toll-like receptors 

(TLRs), nutrient-based signal that engage lipid nuclear receptors (for example peroxisome proliferator 

activated receptor gamma, PARγ, or estrogen-related receptor gamma, ERRγ) and kinases (for 

example mammalian target of rapamycin, mTOR, or adenosine monophosphate kinase, AMPK) are 

common occurrences that functionally activate macrophages, so they modulate their phenotype as a 

response to the stimuli. Before it was believed that the only role of the shift of metabolism was the 

balance of the ATP (adenosine triphosphate) supply and demand. Now, it is known that besides ATP 
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production, other roles of the metabolic reprogramming like the regulation of lipid synthesis, nucleotide 

biosynthesis, cell signalling and gene expression have been identified. Some of the non-ATP production 

functions are really important for the immune system, such as the recognition and production of specific 

metabolites that regulate cell differentiation. Macrophages have diverse functions in tissue homeostasis 

and inflammation and they are generally classified (at the extreme opposites, but other graduation does 

exist) as classically activated macrophages (CAM), also known as proinflammatory and in this study 

identified by M1 macrophages (mainly glycolytic), or alternatively activated macrophages (AAM), also 

called anti-inflammatory or reparative macrophage, also known as M2 macrophages (mainly dependent 

on oxidative phosphorylation for ATP production). The M1 macrophages appear in the first response of 

inflammation scenario and after, in the second response, the M2 macrophages are stimulated.7  

In Figure 2 there is a scheme with the types of polarized macrophages, the standard cytokines used to 

induce both polarization and the ones release by them that can be used as markers for each type. In 

this study, we have been working with type M1 and M2a macrophages. In the one hand the M1 

macrophages are mainly involved in acute host defence due to their microbicidal activity, but they can 

also kill tumour cells. They have the capacity to exert cytotoxic and anti-proliferative activities, by the 

production of reactive oxygen species (ROS), reactive nitrogen species (RNS) and proinflammatory 

cytokines, like IL-1β, IL-6 and tumor-necrosis factor-α (TNFα), contribute to tissue destruction, so they 

have potential cytotoxic and anti-tumoral properties. In addition, the expression of the inducible nitric 

oxide synthase (iNOS) an enzyme involved in the production of nitric oxide (NO), which facilitates the 

production of reactive nitrogen intermediates (RNI) and reactive oxygen intermediates (ROI), is also 

increased.9 M1 phenotype is induced by the activation of TLRs by pathogens products or alarmins (also 

called damage-associated molecular patterns, DAMPs, derived molecules that are release by infected 

or stressed cells)10, can also be induced in vitro by Interferon-γ (IFN-γ) and/or by bacterial stimuli for 

example lipopolysaccharide (LPS). The IFN-γ activate the macrophages and prepare them to respond 

to the TNFα or its’ inducers such like LPS. Over the last years, the combination of LPS and IFN-γ has 

become the standard mix to induce the polarized M1 cells in both murine and human macrophages.11,12  

On the other hand, the M2 macrophages are known to be involved in immune-regulatory activities, like 

matrix remodelling, angiogenesis and tissue repair and in pro-tumoral activities, and they are generally 

characterized by low production of pro-inflammatory cytokines (IL-1, TNF and IL-6), except the M2b. 

The M2a, that will be study in this thesis, resolve inflammation by the production of anti-inflammatory 

mediators like IL-10, decoy IL-1-RII (inhibits the biding of IL-1α and IL-1β to the interleukin receptor 1 

type 1, IL-1RI) and IL-1ra (same function). M2a macrophage has also a higher number of mannose 

receptors (MR) that are involved in the phagocytose of pathogens and are involved in the inflammation 

resolution because the high-mannose oligosaccharides are also present on pro-inflammatory 

glycoproteins such as lysosomal hydrolases or myeloperoxidades.13,14 M2a macrophages also display 

increased expression of arginase 1 (Arg1), an enzyme that catalyses the  transformation of L-arginine 

into ornithine and urea. That pathway limits the availability of L-arginine for the iNOS, inhibiting this way 

the polarization of the proinflammatory M1 macrophage. Furthermore the ornithine produced promotes 

the polyamine and proline synthesis pathway that are respectively involved in cell growth and tissue 

remodelling through collagen synthesis.15 The M2b cells execute response II to inflammation (basically 
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inhibition of several macrophages M1 functions like M2a), and immune-regulation, like M2c. M2c is 

involved in the suppression of immune responses and tissue repair. These M2a macrophages can be 

induced in vitro by IL-4 and IL-13, for both murine and human macrophages .11,12 Important to notice 

that in vivo there is a higher range of signals than in vitro, so these populations of macrophages can 

exist all at the same moment, basically, exists a balance between the populations, as mention before.9  

 

 

Figure 2 – Cytokines that activate the polarization into distinct types of macrophages populations. 

Abbreviations: delayed-type hypersensitivity (DTH), immune complexes (IC), interferon-γ (IFN- γ), interleukin-x (IL-

x), inducible nitric oxide synthase (iNOS), lipopolysaccharide (LPS), mannose receptor (MR), the long pentraxin 

PTX3 (PTX3), reactive nitrogen intermediates (RNI), reactive oxygen intermediates (ROI), signalling lymphocytic 

activation molecule (SLAM), scavenger receptors (SRs), Toll-like receptor (TLR).9 

 

In Figure 3, the scheme of wound healing, the role of the macrophages and other components involved 

is presented. In few minutes after an injury, the coagulation is triggered, and the fibrin clot is formed. 

The inflammation is induced, the leukocytes are recruited, neutrophils go to the target location and 

macrophages start to accumulate there. The first response of the inflammation is the cleaning of debris, 

bacterial killing and trophic support. After performing their roles, the neutrophils are engulfed by the 

macrophages. After fibroblasts invade the fibrotic scar and produce a matrix. Granulation tissue is 

established, and angiogenesis occurs. Finally occurs a re-epithelialization, remodelling and contraction 

of the extracellular matrix, while cellular components are eliminated by apoptosis.  
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Figure 3 – Components involved in a wound healing. Abbreviations: Interleukin-4 receptor (IL-4R), matrix 

metalloproteinases (MMP), macrophages (MQ).6 

  

1.2. Organelles 

Macrophage function is always changing in response to exogenous signals, as refer before, and the 

metabolic reprogramming contributes to this macrophage functional plasticity. In the literature, we can 

find some studies that have been conducted to identify the mechanisms of what is denominated as the 

“immunometabolism”. Several studies report the role of the mitochondria and lysosomes in these 

mechanisms, since the mitochondria and the lysosome play key roles on the regulation of cell 

metabolism.  

 

1.2.1. Mitochondria 

Mitochondria principal function is to produce ATP as the source of energy for many eukaryotic cells, 

including macrophages in both homeostatic condition and under stress conditions. However they have 

many other functions, such as calcium homeostasis,16 β-oxidation of fatty acids,17 etc. When the cell 

needs more energy, they can increase the number of mitochondria. The mitochondria also play a role 

in the cell signalling pathways, such as the ones involved in cell death (necrosis and apoptosis, and 

even autophagic cell death)18, and in cell differentiation, they also regulate the cell cycle and 

proliferation.19 They are extremely complex organelles containing over 1000 different proteins with 

components derived from both nuclear and mitochondrial genomes. The human mitochondrial genome 

contains genetic coding information for 13 polypeptides, which are core constituents of the mitochondrial 

respiratory complexes I–IV that are embedded in the inner membrane, plus 22 transfer RNAs, and 2 

ribosomal RNAs, which together with the proteins are essential for the ATP production.18 Transcriptional 

regulation of mitochondrial biogenesis occurs through the action of the peroxisome proliferator-activated 



    19 
 

receptor gamma coactivator-1 (PGC-1) family of co-activators, which respond to changes in nutrient 

status, such as NAD+/NADH and AMP/ATP ratios (sensed through NAD-dependent deacetylase sirtuin-

1, SIRT1, and AMPK, respectively), as well as environmental signals. Combinatorial interactions 

between PGC-1 co-activators and specific transcription factors (nuclear respiratory factors, NRF1 and 

NRF2, and ERR) balance and specify the major functional pathways within mitochondria.16 

In several disorders such as diabetes, ischemia, immune and neurodegenerative the mitochondrial 

morphology was discovered to be dynamic. In healthy conditions, mitochondria plasticity is critical for 

cell survival and to adapt to changes in the environment.20  

More recently it has been discovered that mitochondria are highly dynamic organelles that constantly 

undergo fusion and fission. Mitochondrial fusion and fission are important for maintaining mitochondrial 

integrity and functions, including mitochondrial biogenesis and distribution/motility as well as apoptosis, 

segregation during cell division and protection of mitochondrial DNA.21 The fusion mechanisms are also 

important in normal mitochondrial cristae maintenance, allow the communication between organelles16, 

and have been directly implicated in preventing the accumulation of damaged mitochondrial DNA.22 

Mitochondrial fusion and fission events are mediated by the action of highly conserved dynamin-related 

proteins (DRPs) that, through their ability to self-assemble and hydrolyse guanosine triphosphate (GTP), 

facilitate membrane remodelling of diverse intracellular membranes. Mitochondrial fission is catalysed 

by a single DRP, DRP1 in mammals, which interacts with fission related protein-1 (Fis-1) and 

mitochondrial fission factor (MFF). DRP1 assemble through stalk domains into helical structures that 

wrap around the outer surface of mitochondria at constriction sites. Interactions between the GTPase 

domains of fission DRPs across the helical rungs catalyse the hydrolysis of GTP, an event thought to 

produce conformational changes that are transduced through the DRP helix to allow the coordinate 

scission of the outer and inner membranes. Fusion of the mitochondrial outer and inner membranes 

requires the action of two integral membrane DRPs, mitofusins (MFN1/MFN2) and optic atrophy-1 

(OPA1), respectively, in mammals cells.16  

In several papers, it has been reported the role of Drp1 as a key regulator of mitochondrial fission and 

that its’ knock-down inhibits the fragmentation of mitochondria, and in some cases prevents the loss of 

mitochondrial membrane potential and release of cytochrome c,22 and also attenuated the production of 

pro-inflammatory mediators via reduced nuclear factor-𝜅B (NF-kB) and mitogen-activated protein kinase 

(MAPK) signaling.21 

In the literature, there are already many studies that try to understand whether cells reprogram their 

metabolism (and thus modify mitochondria shape, structure, morphology and functions) during the 

regulation of macrophage activation and plasticity.7,23 In the Figure 6 in the section 1.3.1, some of their 

findings on the contribution of mitochondria in metabolic reprogramming in LPS-stimulated 

macrophages are presented.24,25,26 

 

1.2.2. Lysosomes 

The lysosomes are single membrane-enclosed compartments, which together with the ubiquitin-

proteasome system are the intracellular degradation and recycling units of eukaryotic cells27, due to 

their acid hydrolytic enzyme content, such as cathepsins, and consequently low pH (around 4-5).28 
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Lysosome functions are closely related to immune cell functions, such as the lysosomal role in the 

autophagy, which is the natural regulated, destructive mechanism of the cell, activated by several 

cellular stresses and often has a cytoprotective function. It can digest macromolecules and organelles 

from both external and internal origins, autophagy is up-regulated in response to amino acid starvation 

and more specifically in response to damaged organelles, including mitochondria (mitophagy).29 

Furthermore the autophagy can be nonselective or selective towards protein aggregates and different 

cell compartments, such as ubiquitinated bacteria recruited into autophagosomes via sequestosome 

1/p62-like receptors proteins, or via light chain 3 (LC3) soluble protein associated with phagocytosis, 

the LC3 is known to trigger the fusion of autophagosomes with lysosomes,27 depending on the 

pathophysiological conditions. The steps of the autophagic process are: activation and initiation, 

phagophore elongation, autophagosome formation, closure and finally the fusion with lysosomes 

leading to the degradation of autophagosomal content (Figure 4). Autolysosomes become larger as 

more autophagosomes and lysosomes fuse, but at a termination phase lysosomes are tubulated and 

fragmented for renewal.30  

Besides the role of degradation and recycling components, the lysosomes are also vital for the 

functionality of immune cells serving as signalling platforms, because the lysosomes after digesting the 

phagocytised pathogens, can transport the digestion products by a pH-dependent lysosomal transporter 

to trigger inflammatory responses. Immune cells like the natural killers cells and T cells are able to 

produce secretory lysosomes, which contain cytotoxic components that can be release in the 

surrounding environment.31 

 

Figure 4 – General scheme of autophagic process.27 (a) Autophagic process steps: it starts with the formation 

of isolation membrane (phagophore), that is a double-membrane vesicle, that originates from various intracellular 

membrane sources (such as plasma membrane, golgi complex, endosome, endoplasmic reticulum and 

mitochondria-associated membranes). Then elongation and closure leading to a complete autophagosome that 
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surrounds the target. The fusion of lysosomes with autophagosomes causes the formation of autolysosomes, where 

autophagic substrates are exposed to the hydrolytic interior of lysosome resulting in their degradation. (b) The 

molecular representation of autophagy initiation is shown at phosphatidylinositol-3-phosphate- (PtdIns3P-) positive 

membrane structures named “omegasomes.” The induction of autophagy translocates ULK1 complex to the 

endoplasmic reticulum activates the PtdIns3P kinase (VPS34/Beclin-1/ATG14L) complex. VPS34-derived PtdIns3P 

recruits double FYVE-containing protein 1 (DFCP1/ZFYVE1) and WD-repeat protein interacting with 

phosphoinositides (WIPIs) to the outer membrane of autophagosomes causes the association of the ATG5/ATG12 

conjugate with ATG16L1. The ATG5/ATG12/ATG16L1 complex then adds phosphatidylethanolamine group to the 

C-terminus of the LC3 protein promoting the elongation of isolation membrane.   

 

1.3. Cytokines and other molecules 

Cytokines are signalling molecules produced by cells for specific biological functions. In this study some 

cytokines were used to differentiate the monocytes into macrophages, and to polarize them into two 

extreme polarization state M1 and M2. In Table 2 the cytokines release by the macrophages and their 

respective functions are presented while other proteins and molecules used or mentioned in this study 

are listed in Table 3.  

 

Table 2 – Functions of some cytokines release by macrophages.32,33 

Cytokine Main source Target cells Major functions 

IL-1β 
Macrophages, 

Dendritic cells, B cells 

T cells, B cells, 

Natural killer cells 

Pyrogenic, pro-inflammatory, proliferation 

and differentiation 

IL-10 Macrophages, T cells 
Macrophages, B 

cells 

Anti-inflammatory, inhibits cytokine 

production, inactives macrophages 

IL-12 Macrophages, T cells 
Natural killer cells, 

T cells 

Activates natural killer cells and T cells, 

anti-angiogenic 

IL-23 Macrophages T cells Activates T cells, induces IFNγ 

IL-6 
Macrophages, T cells, 

Fibroblasts 

Activated B cells, 

Plasma cells 

Differentiation into plasma cells, IgG 

production, pyrogenic 

IL-8 Macrophages Neutrophils 
Neutrophil chemoattractant, induce 

degranulation 

TGF- β 
Macrophages, T cells, 

B cells 

Activated B cells, 

activated T cells 

Anti-inflammatory, inhibits T and B cells, 

promotes wound wealling 

TNFα Macrophages Macrophages 
Phagocyte cell activation, endotoxic 

shock 
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Table 3 – Functions of other proteins and molecules mentioned in this study.21,34,35  

Molecule Main source Target cells Major functions 

LPS 
Gram-negative 

bacteria  
Immune cells 

Activation of several inflammatory 

pathways 

mTOR Eukariotic cells Eukariotic cells 
Regulation of cell homeostasis, growth, 

autophagy and lysosomal function 

p38 Mammalian cells Mammalian cells 

Involved in cell 

differentiation, apoptosis, autophagy and 

in extracelular stress management 

ROS 

Cells or exogenous 

from pollutants or 

radiation  

Cells 
Important roles in cell signaling, 

homeostasis and inflammation 

 

1.3.1. LPS 

As mentioned in the section 1.1.2, the LPS (molecular structure present in the Figure 5) in addition to 

IFNγ, induces the polarization of M1 macrophages. M1 macrophages have a pro-inflammatory 

phenotype thanks to several cellular and signalling changes. Adaptation of the mitochondrial metabolism 

in response to LPS causes two breakpoints in the Krebs cycle.  

 

 

Figure 5 – LPS molecular structure. 

 

LPS has been shown to decrease the expression of isocitrate dehydrogenase (IDH), and increase the 

expression of immunoregulatory gene 1 (IRG1) that encodes the aconitate decarboxylase which 

converts aconitate into itaconate. Decreased activity of IDH induces the accumulation of isocitrate, 

aconitate and also citrate which can leave the mitochondria and feed cytosolic acetyl-CoA pool 

promoting fatty acids (FA) synthesis and prostaglandin (PG) production. Itaconate is an antibacterial 

metabolite also described to inhibit the activity of succinate dehydrogenase (SDH) playing a role in both 

Krebs cycle and oxidative phosphorylation, as the complex II (CII) of the electron transport chain (ETC). 

https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Autophagy
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The inactivation of SDH generates succinate accumulation that can lead to mitochondrial reactive 

oxygen species production (mROS) through promotion of reverse electron transport on complex I (C I) 

of the ETC, which shuts down the oxidative phosphorylation. mROS can inhibit propylhydroxylase (PHD) 

activity which removes the inhibition of hypoxia-inducible factor 1α (HIF-1α). The transcription factor 

HIF-1α then, in turn, triggers glycolytic shift (via increased expression of glucose transporter 1 (GLUT1) 

and of enzymes involved in glycolysis) and pro-inflammatory IL-1β production. Regarding the two 

breakpoints occurring in the Krebs cycle in presence of LPS, levels of α-ketoglutarate pool is recovered 

through glutamine catabolism, and the fumarate pool is recovered from the aspartate-arginosuccinate 

(A-AS) shunt. The A-AS shunt produces arginine which is then converted in citrulline by the inducible 

nitric oxide synthase (iNOS) induced by LPS. This reaction triggers radical nitric oxide (NO˙) formation 

which produces cytotoxic peroxynitrite (ONOO˙) with the superoxide anion O2˙(-). NO˙ is also involved in 

the inhibition of SDH activity. These mechanisms are represented in the scheme shown in the Figure 6. 

It is also important to note that this metabolic reprograming also promotes pro-inflammatory cytokine 

synthesis, such as IL-1β production. And that the NO inhibition of mitochondrial respiration prevents the 

repolarization of M1 into M2 macrophages triggered by the IL-4 treatment.24,25,26 

 

Figure 6 – Contribution of mitochondria in metabolic reprogramming in LPS-stimulated macrophages. 

Generated by Jérémy Verbeke, a Master Student at Namur.24,25,26 LPS-stimulated macrophages present an aerobic 

glycolytic shift due to the induction of two major breaks in the Krebs cycle. Abbreviations: Aspartate-arginosuccinate 

(A-AS), complex I (C I), complex II (C II), hypoxia-inducible factor 1α (HIF-1α), isocitrate dehydrogenase (IDH), 

interleukin-1β (IL-1β), inducible nitric oxide synthase (iNOS), immunoregulatory gene 1 (IRG1), lipopolysaccharide 

(LPS), nitric oxide radical (NO˙), peroxynitrite (ONOO˙), propylhydroxylase (PHD), succinate dehydrogenase 

(SDH). 
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It has been shown that a stimulation with low concentrations of LPS (50 pg/ml) induces mitochondrial 

fission, so the conversion of an elongated mitochondrial morphology to a fragmented one, and cell 

necroptosis in primary murine macrophages.23  A higher concentration (100 ng/ml) of LPS induces a 

robust but transient activation of c-Jun N-terminal kinase (JNK) phosphorylation that peaks at 30 min 

post-stimulation and diminished quickly to a resting state by 1 h post-LPS stimulation. On the contrary, 

the effect of the low dose is mild but sustained until at least 2 h post-stimulation. Mitochondrial dynamics 

plays a key role in modulation of cellular stress, with mitochondrial fission leading to necroptosis and 

chronic low-grade inflammation.36  

Another interesting function of LPS for this study is that it leads to the formation of autophagosomes 

besides the pro-inflammatory cytokines. Pathway is shown in the Figure 7.27   

 

Figure 7 – Molecular pathways of the toll-like receptor 4 (TLR4) after activation by LPS.27 The adapter protein 

MyD88 is recruited by TLR4 and activates the transcription factor nuclear factor-𝜅B (NF-𝜅B) and mitogen-activated 

protein kinases (MAPKs), whose major functions include the induction of proinflammatory cytokines. TRIF is another 

adapter protein recruited by TLR4. It causes the activation of interferon regulatory factor-3 (IRF3) and NF-𝜅B leading 

to induction of type I interferon and inflammatory cytokines. In addition, LPS-induced TLR4 activation recruits Beclin-

1 through adapter proteinsMyD88 and TRIF inducing the formation of autophagosomes. The ubiquitination status 
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of Beclin-1 is regulated by the TRAF6/A20 axis, which has a regulatory role in the induction of autophagosomes in 

response to pathogens. 

 

1.3.2. mTOR 

The mammalian target of rapamycin (mTOR) pathway has a central role in the control of cell growth and 

metabolism.30 It also regulates translation, cytokine responses, antigen presentation, macrophage 

polarization and cell migration. mTOR forms at least two distinct multi-protein complexes with additional 

regulatory proteins. mTOR Complex 1 (mTORC1) includes mTOR, Raptor, Pras40, Deptor, and 

GBL/mLST8 while mTOR Complex 2 (mTORC2) includes mTOR, Rictor, mSin1, Proctor/PRR5, Deptor, 

and GBL/mLST8. mTOR activity is regulated in response to extracellular and intracellular environment. 

Extracellular signaling factors, including Wnts, TNFα, and growth factors, communicates through several 

intracellular pathways to TSC1/2, to regulate mTORC1 activity. In addition to responding to extracellular 

signals, mTORC1 activity is also regulated by intracellular readings including energy availability, oxygen 

levels, and amino acid availability. In the presence of available amino acids, the mTORC1 is recruited 

to the lysosomal membrane where it initiates anabolic activities including protein synthesis, lipid 

synthesis, as well as autophagy, and mitochondrial metabolism and biogenesis. It is known that the 

mTORC2 activity is correlated with AKT (protein kinase B) activation and the regulation of the 

cytoskeletal rearrangement, as well as cell survival and proliferation, but pathways that are involved are 

less understood.37  

LPS-stimulated macrophages activate autophagic responses in which lysosomes are effective actors 

through inhibition of mTORC1. Autophagy has also been described as a regulatory response of 

inflammation as it modulates IL-1β secretion and inflammasome activaton.30,27,8,29 It also promotes 

clearance of damaged-ROS-producing and depolarized mitochondria, a process denominated as 

mitophagy.23 In the Figure 8 the mechanisms involved in the regulation of inflammatory responses in 

LPS-stimulated macrophages.38 LPS binds to a toll-like receptor 4 (TLR4) activating many pro-

inflammatory responses in macrophages. Some of them involves metabolic reprogramming, as shown 

in the Figure 6, that results to a glycolytic shift accompanied by a shut-down of oxidative 

phosphorylation. LPS-induced signalling also leads to the expression of pro-inflammatory cytokines 

such as IL-1β, as mentioned above. Several studies showed that mTORC1 is a lysosomal-related 

master regulator of cellular immunometabolism as it increases glycolytic pathways (through HIF-1α and 

MYC signalling) and mitochondrial ROS production by inhibiting mitophagy of damaged mitochondria.23 

Mitochondrial ROS can then activate the inflammasome (composed by the caspase-1 enzyme) that 

activate pro-inflammatory cytokines (such as IL-1β) by cleavage. All these pro-inflammatory responses 

are major features found in M1 macrophages. Anti-inflammatory IL-10 cytokine is concomitantly produce 

upon activation of mTORC1 and acts, in a negative feedback loop, on the pro-inflammatory macrophage 

to avoid excessive pro-inflammatory responses to lead to issue injury. This anti-inflammatory feedback 

loop acts through activation of STAT3-DDIT4 signalling leading to mTORC1 inhibition, allowing 

mitophagy of damaged mitochondria, decreased of ROS production, and increase in oxidative 

phosphorylation. These cellular responses are main features found in immunoregulatory M2 

macrophages.34,37,39 A simplified resume of the relationship of these cytokines and the mitophagy is that 
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the LPS activates the mTORC1 that inhibits the mitophagy allowing an increase in the production of 

ROS, promoting the pro-inflammatory phenotype. IL-10 then inhibits the mTORC1 allowing the 

mitophagy and increasing the oxidative phosphorylation.23 

In some studies, it has been reported that the transcription factor EB (TFEB) which is inhibited by 

mTORC1, stimulates the expression of genes encoding proteins involved in autophagy, lysosomal 

biogenesis and pro-inflammatory cytokine production in activated macrophages.40 Finally, mTORC1 is 

also known as a lysosome-related signalling hub in the glycolytic shift observed in M1 macrophages.37   

 

 

Figure 8 – Regulation of inflammatory responses on LPS or IL-10-stimulated macrophages via mTORC1 

regulation. Abbreviations: Interleukin-10 receptor (IL-10r), Interleukin-10 (IL-10), signal transducer and activator of 

transcription 3 (STAT3), DNA-damage-inducible transcript 4 protein (DDIT4), lipopolysaccharide (LPS), mammalian 

target of rapamycin complex 1 (mTORC1), toll-like receptor 4 (TLR4), Interleukin-1β (IL-1β), Pro-interleukin-1β (Pro-

IL-1β), reactive oxygen species (ROS).38  

 

1.3.3. ROS 

Reactive oxygen species (ROS) are mainly produced by reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase family members in the plasma membrane of activated macrophages and 

mitochondria.21 ROS are molecules derived from oxygen (O2) that can oxidize other molecules. Most 

intracellular ROS are derived from O2˙(-), which is generated by the one electron reduction of O2. 

Superoxide is converted to hydrogen peroxide (H2O2) by superoxide dismutases (SODs). There are 

eight sites in mitochondria that are known to possess the ability to produce O2˙(-).41 

Mitochondrial ROS are presumed to play a critical role in cell viability/cell death, cell signalling and in 

the modulation of immunoreactions and MAPK activation as part of the innate immune system. It is 

probable that mitochondrial ROS production due to mitochondrial fission may regulate the expression 

of various proinflammatory mediators through NF-𝜅B and MAPK in LPS-stimulated macrophages.21 

Excessive ROS production can lead to oxidation of macromolecules and has been implicated in 

mitochondrial DNA mutations, ageing, and cell death. Mitochondrial ROS play an important role in the 
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release of cytochrome c and other pro-apoptotic proteins, which can trigger caspase activation and 

apoptosis.18 

The dual function of mROS to both promote cell damage and promote cell adaptation makes it a 

potentially difficult therapeutic target. In other words, inhibition of mROS by antioxidants does not have 

a predictable outcome on cell function since the role of mROS changes under differing environmental 

conditions.41 

 

1.3.4. p38 

The macrophages are highly sensitive to variations of the osmolality associated with alterations as well 

as stimulation by cytokines. Changes in cellular metabolism in macrophages can thus function as an 

important primary indicator of altered tissue homeostasis and thus as a critical regulator of macrophage 

functional responses24,42. The p38 MAPK family participates in the pathways that control cellular 

responses to pro-inflammatory cytokines, LPS, and environmental stresses, such as osmotic shock and 

UV light. The p38α is the most known of the family that, when activated (phosphorylated), will 

phosphorylate several targets, including some cytoplasmic kinases and the nuclear transcription factors 

ATF2/1 and STAT1.43,44 Several researcher groups are interested on inhibitors of p38 as potential 

therapies for arthritic and inflammatory diseases. In this study, we used its’ potential phosphorylation to 

monitor (functionally) a putative osmotic shock in cells exposed to honey, represented in the Figure 9. 

It is known that the GTPase proteins (hydrolase enzymes that can bind and hydrolyse guanosine 

triphosphate), cell division control protein 42 homolog (Cdc42) and Ras-related C3 botulinum toxin 

substrate 1 (Rac1) lead to the activation of p38α MAPK only in response to hypertonic stress, via the 

mitogen-activated protein kinase kinase 3 (MKK3). After activation (phosphorylation) p-p38 translocate 

to the nucleus, and activate transcription factors leading to the expression of Nuclear Factor of Activated 

T-Cells 5 (NFAT5) and other osmo-regulator genes.44 When too severe, the activation of the kinase in 

response to osmotic stress can also induce the expression of pro-apoptotic genes, such as p53, Max, 

Myc, NF-𝜅B, etc.35 

 

https://en.wikipedia.org/wiki/Hydrolase
https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Guanosine_triphosphate
https://en.wikipedia.org/wiki/Guanosine_triphosphate
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Figure 9 – The p38 MAPK signalling pathway in response to environmental stresses and inflammatory 

cytokines. Adaptation.43,44 For the osmotic stress, the most important components are: cell division control protein 

42 homolog (Cdc42), Ras-related C3 botulinum toxin substrate 1 (RAC1), mitogen-activated protein kinase kinase 

3 (MKK3), p38 mitogen-activated protein kinase (p38 MAPK). 

 

1.3.5. Sucrose 

In this study the sucrose was used as control, due to the high saccharide content of the honey as explain 

in the next section. Sucrose (C12H22O11) is a disaccharide composed of glucose and fructose, is mainly 

known as the common sugar. It is a carbohydrate produce by plants and cyanobacteria. The treatment 

of mammalian macrophages with sucrose leads to an accumulation of sucrose in the lysosomes 

because they can’t degraded it, since they do not express the sucrose/invertase enzyme to hydrolyse 

the sucrose into the glucose and fructose, which increase their diameter.45–47 

 

1.4. Honey 

Nowadays, the study about natural products, such as honey, to use in medicine becomes more intense, 

since the microorganisms are developing resistant to antibiotics. As a consequence, the need to find 

alternatives to antibiotics is urgent.48 For that reason, we return to products with healing, nutritional and 

therapeutic characteristics known since at least the Egyptian’s time. A recent study found that the 

humans have been using bee products, like honey and wax, for at least 9 000 years.49 The use of honey 

as first remedy for heal skin wounds was really common, a treatment pass generation in generation. 
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During the early part of 20th century, researchers began to document the wound healing properties of 

honey, but the introduction of antibiotics in 1940, temporarily stymied the use of honey.50 Honey is 

produced by bees from the nectar of plants or from secretions of living parts of plants or excretions of 

plant sucking insects on the living parts of plants, which the bees collect and convert by combining with 

specific substances of their own. After collecting they deposit it, dehydrate, store and let it in the honey 

comb to ripen and mature. The composition of honey depends on the plant species. In the Table 4 is 

presented the average composition of the honey. The carbohydrates are the main components of the 

honey, in particular the monosaccharides, fructose and glucose, almost 70 %, since the bees add 

invertase to the nectar, which degrade the sucrose (main sugar produced by plants) into the two 

monosaccharides. Although in rather small percentages, the other components, such as organic acids, 

proteins, amino acids, like proline which comes from the salivary secretions of the bee, minerals, 

polyphenols, vitamins and aroma compounds, revealed to have high importance for the honey properties 

too.51  

 

Table 4 – General composition of honey per 100g.51 The main components of the honey are the sugars. Besides 

the carbohydrates honey contains several compounds such as organic acids, proteins, amino acids, minerals, 

polyphenols, vitamins and aroma compounds. 

Components Average weight 

Carbohydrates 82.4g 

      Fructose 38.5g 

      Glucose 31g 

      Sucrose 1g 

      Other Sugars 11.7g 

      Dietary fiber 0.2g 

Protein 0.3g 

Water 17.1g 

Riboflavin (Vit. B2) 0.038mg 

Niacin (Vit. B3) 0.121mg 

Pantothenic acid (Vit. B5) 0.068mg 

Pyridoxine (Vit. B6) 0.024mg 

Folate (Vit. B9) 0.002mg 

Vitamin C 0.5mg 

Calcium 6mg 

Iron 0.42mg 

Magnesium 2mg 

Phosphorus 4mg 

Potassium 52mg 

Sodium 4mg 

Zinc 0.22mg  

 

The properties that are already known for honey are: anti-bacterial, anti-oxidant and possible anti-

inflammatory. 51,52 The anti-bacterial property in most honeys is due to the enzymatic production of H2O2 

by glucose oxidase. But it is now known that even honeys with lower concentrations or none of that 
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enzyme (and thus poor in H2O2 production) also have anti-bacterial activity, a feature probably mediated 

by 1) the low pH of non-diluted honey (generally between 3.2 and 4.5), which is acquired by the 

production of gluconic acid, and 2) the higher sugar concentration, generating a hyperosmotic stress. A 

study about the antimicrobial properties of honey in vitro discovered that H2O2, methylglyoxal 

(CH3C(O)CHO), which is a protein-glycating agent (present in several honeys, but at higher 

concentration in Manuka honey)53,54 and an anti-microbial peptide, denominated bee defensin-1, are 

distinct mechanisms involved in the bactericidal activity of the honey.50,51 The anti-oxidant property is 

based on the content of phenolic acids (such as ellagic, caffeic, p-coumaric and ferulic acids), which 

depends on the plants used to originate the honey. A strong correlation between the color and the anti-

oxidant activity was found, having darker honeys higher total phenolic content and in consequent higher 

anti-oxidant capacity. Besides the phenolics, honey have other polyphenols like several flavonoids (such 

as apigenin, pinocembrin, kaempferol, quercetin, galangin, chrysin and hesperetin), which also have 

anti-oxidant properties. These components were reported to display anti-inflammatory activity,52 but pure 

and at higher concentrations than the ones find in the honey. But it is necessary to understand better 

the mechanisms involved in the anti-inflammatory activity, like the role of the mitochondria and the 

lysosomes in these responses, the objective of our study.  

 

1.4.1. Chrysin 

Chrysin (5,7-Dihydroxy-2-phenyl-4H-chromen-4-one, C15H10O4) is a natural flavone and biologically 

active compound, found in several plant extracts and products derived from plants, like honey. Its 

molecular structure is represented in the Figure 10. Several studies mention the anti-tumoral, anti-

inflammation and anti-oxidant properties and pro-regenerative effects of chrysin on mammalian cells, 

but these effects were only observed for higher concentrations of the purified component, than the ones 

present in honey, especially in honey diluted in the media.55 These beneficial effects and the anti-

inflammatory capacity of the chrysin seem to be mediated by a decrease in the expression of pro-

inflammatory genes encoding iNOS, cyclooxygenase 2 (COX2) and NF-kB leading to a decrease in the 

secretion of pro-inflammatory cytokines.56,57 It was also found that the inhibition of the expression of 

COX2 in LPS-stimulated cultured macrophages was mediated through inhibition of the binding activity 

of nuclear factor IL-6. The fact that nuclear factor IL-6 is negatively regulated by chrysin is important 

because this transcription factor plays a critical role in the regulation of a variety of genes involved in 

inflammatory responses.58 

 

 

Figure 10 – Chrysin molecular structure. 
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1.5. Aim of the project and summary 

As mentioned in the introduction, both mitochondria and lysosomes are involved in the polarization and 

inflammatory functions of macrophages. In addition, it was referred some beneficial effects of several 

components of the honey on the inflammation. Though as mentioned there is still a lot to understand 

about the mechanisms and targets affected by the presence of honey in eukaryotic cells. This new 

project in the host laboratory aims to better understand the putative effect of honey on the biology of the 

organelles involved in inflammation in two macrophage cell lines, murine RAW 264.7 and human THP-

1, activated or not by LPS. 

In this study, Revamil® honey was chosen, it is a medical-grade honey with bactericidal and wound 

healing activity.54,59,60 To my knowledge, this is the first study on the putative effects on the biology of 

organelles of eukaryotic cells in the presence of diluted-honey, and not just a certain isolated 

component. Since this project initiates a new research topic in this laboratory, first existed the need to 

optimize experimental conditions and characterize the models that was used in this Master thesis. 

Before the study of the impact on the organelle properly, it was determined the optimal concentration 

that could be used, so the higher concentration of honey that did not change the physicochemical 

properties of the culture media, such as the pH and osmolality, which can, harmfully, modify the cell 

response and/or induce stress. So, the pH and osmolality of the culture media containing Revamil® 

honey. The osmolality response of the cells to different concentrations of honey diluted in the culture 

medium was also functionally tested on the phosphorylation of the p38 MAP kinase. The putative 

cytotoxicity and proliferation effects of diluted-honey on the cells was also analysed. We next evaluated 

the putative effect of honey on macrophage polarisation, following the expression of few gene markers 

for the M1 and M2 macrophages types. Using the optimal concentration, we also studied the putative 

effect of honey on the morphology of mitochondria and the lysosome abundance during the 

differentiation/polarization and after the differentiation/polarization of the M0, M1 and M2 macrophages. 

We also evaluated the effects on THP-1 macrophages stimulated with LPS. And the putative effect of 

honey on the mitochondria and lysosome abundance in M0 macrophages (RAW 264.7) stimulated or 

not with LPS. Finally, the effect of Revamil® honey on the regulation of inflammatory responses in LPS-

stimulated macrophages was analysed on the activation of mTOR, a key kinase that is involved in the 

regulation of many pathways such as autophagy.  
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2. Material and Methods 

The materials used in all the experiments performed for the present study are described in this section, 

including the different type of cells and the honey studied, as well as the experimental methods of the 

different assays performed. 

 

2.1. Materials 

 

2.1.1. Honey 

The honey source used was the Revamil® gel that’s a medical-grade honey used for skin wound healing. 

It was acquired from Bfactory Health Products (Rhenen, The Netherlands) and stored at room 

temperature (RT). This honey is produced under standardized conditions in greenhouses, that 

guarantee the batch-to-batch reproducibility60. It presents a 

controlled flower composition based in seven species of plants 

including thyme, rosemary, lavender, buckwheat and phacelia61. 

The sterilization of the honey is made by gamma irradiation, to 

eradicate all the potentially present bacterial spores, none of the 

properties of the honey are compromised, including is bactericidal 

activity62. The density of the honey is 1,52 Kg/l, it was determined 

with the data present in the Table 5.   

Figure 11 – Honey source: Revamil® gel 

Table 5 – Sugar composition of the Revamil® honey54. 

Compounds Formula g/Kg of Honey % (m/m) Specific Weight (g/l) 

Glucose C6H12O6 333 0,333 1540 

Fructose C6H12O6 385 0,385 1690 

Sucrose C12H22O11 73 0,073 1590 

Maltose C12H22O11 62 0,062 1540 

 

To clarify if the effects of the honey are only due to the sugars present in the Revamil®, a control solution 

(from this moment called “sugar mix” in the rest of the document) was prepared containing an identical 

sugar composition than the one found in the honey.54 In the Table 6, the reagents used to prepared this 

solution are listed. They were weight in an analytical balance (Mettler Toledo, NewClassic MS).    
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Table 6 – Information for the preparation of 15 ml of the “sugar mix” solution. It was taken into account the 

respective hydration correction for the glucose and maltose reagents that are mono-hydrate. To dissolve the 

sugars the solution was stirred at a temperature around 40 ° C and stored at RT.  

Reagents Reference 
Molecular Weight 

(g/mol) 

Weight 

(g) 

D(+)-Glucose 

monohydrate 
Merck, #1.04074.0500, Germany 198.2 8.361 

D-(-)-Fructose Sigma, #F0127, USA 180.2 8.790 

Sucrose 
Tienen Tirlemont, Fijne Suiker - Sucre Fin 

(commom sucre), Belgium 
342.3 1.667 

D(+)-Maltose 

monohydrate 
Fluka BioChemika, #63418, Switzerland 360.3 1.490 

Distilled water - 18 
2.522 

(ml) 

 

2.1.2. Cell culture and cell treatments 

Two types of macrophages were studied in this project, as mentioned in the introduction: RAW 264.7 

and THP-1. These cells were chosen because we wanted to study the effect of honey on the biology of 

organelles of macrophages. The THP-1 cells are human monocytes cell line that can be differentiated 

into adherent macrophages that have a size big enough to visualize their organelles. The RAW 264.7 

(murine origin) cells were chosen because the polarization and differentiation protocol for THP-1 cells 

is really long compared to these cells and because the differentiation conditions (such as the stimulation 

with phorbol 12-myristate 13-acetate, PMA) might also affect cell responses. So, for some experiments 

they were chosen to establish the first results and in case of the results obtain being interesting for our 

work they would be repeated with the THP-1 cells to verified whether macrophages from different animal 

species respond similarly or not. 

 

2.1.2.1. RAW 264.7 cell culture 

The murine RAW 264.7 macrophage cell line has been isolated from the organism Mus musculus, and 

was obtained from the American Type Culture Collection (ATCC, USA). The cell culture type is adherent. 

The cells were maintained in T75 flask (75 cm2) (Corning-Star, USA) in a humidified incubator at 37 ºC 

and 5 % CO2 (Heracell 2400, Heraeus, USA). The cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) (GIBCO – Life Technologies, #52100-021, USA) with 4.5 g/l high glucose, L-glutamine 

and it was added 1.5 g/l NaHCO3 making the home-made medium denominated from this step forward 

high glucose and low NaHCO3 DMEM (DHG-L1), supplemented with 10 % heat-inactivated fetal bovine 

serum (HIFBS – GIBCO, #10270-106). Around 80 % confluency (subjective eye estimation) the cells 

were harvested and passed in 1/10 dilution for two days or in 1/20 dilution for three days in 20 ml of 

medium in both cases.  
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2.1.2.2. RAW 264.7 cell polarization 

For some experiments, the macrophages were either polarized into M1 macrophages by a stimulation 

with 10 ng/ml LPS from Escherichia coli (serotype 0111:B4 – Sigma Aldrich, USA) and 20 ng/ml 

recombinant mouse IFN-γ (R&D Systems, USA), or into M2 macrophages by an incubation in the 

presence of 20 ng/ml of recombinant mouse IL-4 and of IL-13 (R&D Systems, USA). The cells were 

incubated with the respective cytokines during 18h11.   

 

2.1.2.3. THP-1 cell culture 

The human THP-1 monocyte cell line is from the organism Homo sapiens, and was obtained from the 

ATCC, USA. The cells were maintained in T75 flask (Corning-Star, USA) in a humidified incubator at 37 

ºC and 5 % CO2 (Heracell 2400, Heraeus, USA). The cells were grown in Roswell Park Memorial Institute 

medium with L-glutamine (RPMI Medium 1640) (GIBCO – Life Technologies, #21875-034, USA) 

supplemented with 2.5g/l D(+)-glucose monohydrate (Merck, #1.04074.0500, Germany), 1mM sodium 

pyruvate (GIBCO, #11360-039), 10mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(GIBCO, #15630-056), 50μM β-mercaptoethanol (GIBCO, #31350-010) and with 10 % HIFBS (GIBCO, 

#10270-106). The THP-1 monocytes are cells in suspension and were counted with the Countess® 

Automated Cell Counter (Invitrogen, USA). When they were confluent, around 7 to 8 million cells, they 

were passed 3.6 million cells for two days in 15 ml of medium or 3.0 million for three days in 20 ml.  

 

2.1.2.4. THP-1 cell differentiation and polarization 

For much of the experiments, the monocytes were differentiated into macrophages (further denominated 

M0 macrophages) by a 24 h incubation with 150 nM PMA (Sigma-Aldrich, P8139, USA) (day 1). The 

M0 macrophages, in some cases, were also polarized, after a 24 h recovery period without PMA (day 

2), either into M1 macrophages by adding 10 pg/ml LPS from Escherichia coli (serotype 0111:B4 – 

Sigma Aldrich, USA) and 20 ng/ml recombinant human IFN-γ (R&D Systems, USA) (day 3), or into M2 

macrophages via addition of 20 ng/ml of recombinant human IL-4 and of IL-13 (R&D Systems, USA) 

(day 3), the cells were incubate with the respective cytokines during 24 h to obtain the M1 type (day 4) 

and 48 h for the M2 type (day 5) macrophages.12   

 

2.2. Methods 

To test whether the physico-chemical properties of the cell culture medium were changed in the 

presence of a range of concentrations of the Revamil® honey and the “sugar mix”, we first analysed pH 

and osmolality in an analytical manner.  

 

2.2.1. pH measurement 

Several concentrations (1, 2, 4, 6, 8, 10 and 40 mg/ml) of both solutions mentioned before were prepared 

in RPMI 1640 serum free culture medium. The pH of the prepared media was measured, after leaving 

it 30 min at RT, so they will be at the same temperature as the pH buffers used for the pH meter 
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calibration (pH 4, 7 and 10), with the analytical PHM-210 standard pH meter (Radiometer, Copenhagen). 

A Phosphate Buffer Saline solution (PBS) was used as reference, its’ preparation is presented in the 

Table 7. 

 

Table 7 – PBS solution (10mM phosphate buffer, 150mM NaCl; carry to 1L by adding distilled water) preparation. 

Reagent Reference 
MW 

(g/mol) 
Cc. (mM) Add 

PO4 buffer 

(pH 7.4) 

K2HPO4 Sigma, #7758-11-4, USA 174.18 0.5M 

(dissolved 

in distilled 

water both) 

20 ml KH2PO4 (add just 

to adjust the pH) 
Sigma, #7778-77-0, USA 136.09 

NaCl Sigma, #7647-14-5, USA 58.44 - 9 g 

 

2.2.2. Osmolality measurement 

Several concentrations (1, 2, 4, 6, 8, 10 and 40 mg/ml) of both solutions Revamil® honey and the “sugar 

mix” were prepared in DHG-L1 medium supplemented with 10 % HIFBS. The osmolality of the prepared 

medium was measured, from 100 μl of the different samples put in microtubes, with the Micro-

Osmometer Type 6 (LÖSER, Germany), the principle behind the measurement is explained in the 

appendix 6.2. The osmometer was first calibrated with the solutions provided with the equipment: first 

water (around 19 mosm/kgH2O), then one of 300 and another of 900 mosm/kgH2O (the utilization of the 

osmometer was possible thanks to Prof. B. Muylkens, URVI-UNamur, Belgium). The osmolality of 

serum-free DHG-L1 medium, and solutions of 150 mM NaCl (Sigma, #7647-14-5, USA) (300 mosm/Kg 

– above is hyper-osmotic) and 250 mM sucrose (Tienen Tirlemont, Fijne Suiker - Sucre Fin (common 

sucre), Belgium) (250 mosm/Kg - under 280 is consider hypo-osmotic) were used as reference.63,64,65  

 

2.2.3. Cytotoxicity assay (LDH release) 

The cytotoxicity of several concentrations (1, 2, 4, 6, 8, 10 and 40 mg/ml) of both solutions Revamil® 

honey and the “sugar mix”, was tested on both type of cells used in this work, and determined with the 

Cytotoxicity Detection kit – LDH (Roche, #1164479001, Switzerland). The assay is based on the lactate 

dehydrogenase (LDH) release by cells that display an increase in plasma membrane permeability and 

is based on a colorimetric reaction (explanation with more detail – Appendix 856.1). The absorbance of 

formazan salts is read at 490 nm (using a reference at 655 nm) measured with a spectrophotometer 

(Microplate Absorbance Spectrophotometer, xMarkTM, BioRad, USA) with the program MPM6. The cells 

were seeded in 24-well plates (2 cm2/well and 0.5ml/well) (Corning-Costar, USA) at a cell density of 

25 000 cells/well for RAW 264.7 cells, and of 80 000 cells /well for THP-1 cells. The medium was change 

every 24 h, losing this way the LDH already released into the medium, so the toxicity (cell death) was 

evaluated only for the last 24h of incubation for the 24, 48 and 72 h. As a positive control, cells from one 

of the wells for each time point were incubated with a solution of PBS containing 2 % Triton-X-100 

(Sigma, #T8787, USA) during 1 h to trigger the maximal LDH released by the cells. To make sure that 
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the honey would not interfere with the measures (inhibition or activation of the enzyme used as released 

marker), it was also put in the wells just the media of the several concentrations of the honey to be used 

as a blank.  

As the tested cells are treated with stress-inducing reagent, several LDH compartments have to be 

taken into account. Indeed, the samples collected from centrifuged culture media (supernatants) 

represent the “soluble” LDH released in the medium from damaged cells. The samples collected from 

cell suspension in culture media (pellets collected after culture media centrifugation and lysed with PBS-

Triton-X-100 (2 %)) represent the LDH found in “detached” cells potentially stressed. The samples 

collected from still adherent cells (lysed with PBS-Triton-X-100 (2 %)) represent the LDH found in the 

“attached” cells. This perspective is for adherent cells like RAW 264.7 and the results are then expressed 

as a percentage of LDH release according the equation (1):      

 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 100 ×  
((𝑆 − 𝑏𝑆) × 2) + (𝐷 − 𝑏𝐷)

((𝑆 − 𝑏𝑆) × 2) + (𝐷 − 𝑏𝐷) + ((𝐴 − 𝑏𝐴) × 20)
    (1) 

S – “soluble” sample (diluted 2x);   bS – blank of soluble sample (culture media); 

D – “detached” sample;    bD – blank of detached sample (PBS-Triton-X-100 (2 %)); 

A – “attached” sample (diluted 20x);  bA – blank of attached sample (PBS-Triton-X-100 (2 %)). 

 

For the THP-1 cells, the compartment of “attached” cells does not exist (as these cells are culture in 

suspension), so from the samples collected from centrifuged culture medium the supernatant represent 

the same as before, but the pellets represent the LDH found in “detached” cells, normal state for these 

cells. The results are then expressed in a reformulation of the previous equation (1) obtaining the 

equation (2):      

 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 100 ×  
((𝑆 − 𝑏𝑆) × 2)

((𝑆 − 𝑏𝑆) × 2) + (𝐷 − 𝑏𝐷)
                                        (2) 

 

It was used different methods for the RAW 264.7 and THP-1 cells to have a suitable protocol for each 

since they have different type of cultures.  

 

2.2.4. Cell Proliferation assay based on total protein content determination 

For the RAW 264.7 cells protocol, cells were seeded in 6-well plates (10 cm2/well) (Corning-Costar, 

USA) at a cell density of 150 000 cells/well and incubated with several concentrations (6, 8, 10 and 40 

mg/ml) of either Revamil® honey or the “sugar mix” diluted in culture medium for 24, 48 and 72 h. Culture 

media containing the respective dilution of both solutions were refreshed every 24 h. Protein 

concentration and total protein content (cell biomass) was determined using Folin’s reaction method66. 

Briefly, cells were rinsed once with cold PBS, and hydrolysed with 0.5M NaOH. Cell lysates were 

collected in microtubes and placed on a rocker for 30 min at RT. A volume of 30 μl of each sample was 

then set into a 96-well microplate (Greiner Bio-one, Germany), also a volume of 30 μl of different 

concentrations (ranging from 0 to 400 μg/ml) of 1 μg/μl Bovine Serum Albumin (BSA) (ThermoFisher 
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Scientific, #B14 USA) was inserted to make a standard calibration curve. A volume of 150 μl of Na2CO3 

(2 %) with 1 % NaK tartrate (2 %) and 1 % CuSO4 (1 %) was added in each well and incubated for 30 

min on a rocker (500 rpm) at RT to react. After that a volume of 15 μl of Folin-Ciocalteau’s phenol 

reagent (Merck Milipore, #1090010100, USA) diluted twice in distilled water was then added in each 

well and incubated for 30 min on a rocker (900 rpm) at RT. Absorbance was eventually measured at 

740 nm using a spectrophotometer (Microplate Absorbance Spectrophotometer, xMarkTM, BioRad, 

USA). The lyse buffer was used as blank and the protein content was determined according the equation 

(3), where the legend is: A – absorbance; m – BSA-calculated slope; p – BSA-calculated intercept, b – 

blank (absorbance of the lyse buffer).  

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔

𝑚𝑙
) =

(𝐴 − 𝑏) − 𝑝

𝑚
                                                        (3) 

 

2.2.5. Cell Proliferation assay based on cell counting 

For the THP-1 monocyte cells, since they are cultured in suspension, to avoid multi centrifugations and 

likely lost cells in that steps the medium was not refreshed every 24 h, as for the proliferation assay for 

RAW 264.7 cells. In this case the proliferation was measured by cell counting. The cells were seeded 

in T25 flask (25 cm2) (Corning-Costar, USA) at a cell density of 880 000 cells/flask and incubated with 

several concentrations (1, 4, 8 and 10 mg/ml) of both solutions Revamil® honey and the “sugar mix” 

diluted in culture medium and incubated for 24, 48 and 72 h in the humidified incubator at 37 ºC and 5 

% CO2 (Heracell 2400, Heraeus, USA). The cells were then counted with the Countess® Automated Cell 

Counter (Invitrogen, USA) for each time-point.  

 

2.2.6. Cell lysates for western blot analyses 

2.2.6.1. Cell lysates for p38 western blot analyses 

RAW 264.7 cells were seeded in T25 flasks with a cell density of 1.0x106 cells/flask when incubated for 

90 min and 5.0x105 cells/flask for 24 h, both with several concentrations (1, 4, 6, 8, 10 and 40 mg/ml) of 

Revamil® honey or “sugar mix” diluted in culture medium. The preparation of the cell lysates was perform 

working on ice and described as follow. The medium was collected into 15 ml tubes (Corning-StarTM, 

USA) and centrifuged at 4 ºC during 5 min at 1 200 rpm. And the cells in the T25 flask were lysed for 5 

min in 200 μl of lysis buffer composed of: lysis buffer 2x (composition described in the Table 8) 

supplemented with the solutions shown in the Table 10 including the PIB whose composition is 

presented in the Table 9, after the preparation of the buffer the pH was adjust to 7.5 with HCl when 

needed. The supernatant was discarded, and the pellet lysed with a few of the lysis buffer used on the 

T25 flask. 
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Table 8 – Lysis buffer 2X (100 ml) composition. 

Reagent 
Reference MW 

(g/mol) 

Cc. 

(mM) 

Weight 

(mg) 

Trizma hydrochloride (Tris-HCl) Sigma, #T5941, USA 157.60 80 969 

KCl 
Merck, #7447-40-7, 

Germany 
74.55 300 2230 

Ethylenediamine tetraacetic acid 

(EDTA, Tritriplex III) 

Merck, #1.08418.0250, 

Germany 
372.24 2 74.4 

 

Table 9 – Phosphatase Inhibitor Buffer (PIB) composition for 10 ml. 

Reagent 
Reference MW 

(g/mol) 

Cc. 

(mM) 

Weight 

(mg) 

Na3VO4 (sodium orthovanadate) 
Sigma, #S S-6508, 

USA 
183.91 25 46.0 

PNPP (4-nitrophenylphosphate 

(kept at -20 ºC) 

Sigma, #S N-3254, 

USA 
461.36 250 1 153.5 

Sodium β-glycerophosphate 

pentahydrate 

VWR, #27874295, 

USA 
306.11 250 765.3 

NaF (sodium floride) 
Merck, #6449, 

Germany 
41.98 125 52.5 

 

Table 10 – Lysis buffer composition used to extract the proteins for Pierce’s protein dosage.  

Reagent Kept at Reference 1ml % 

1° H2O RT - 410 µl 41 

2° Triton-X100 

(vortex/37°C) 
RT 

Sigma, #T8787, 

USA 
10 µl 1 

3° Lysis Buffer 2X 4°C - 500 µl 50 

4° Phosphatase Inhibitor 

Cocktail, (PIC) 
-20°C 

Roche, 

#11.836.145.001 

Switzerland 

40 µl 4 

5° Phosphatase Inhibitor 

Buffer, (PIB) 
- 40 µl 4 

 

Cell lysates of the both sides, tube and flask, were collected in microtubes and then centrifuged at 4 ºC 

for 15 min at 13 000 rpm (Eppendorf Centrifuge 5415R, Germany). Supernatants were harvested for 

Pierce’s protein dosage in a new microtube, protocol as follow described. A volume of 10 μl of each 

sample was dispensed into a 96-well plate to determine the protein concentration using the Pierce’s 

protein dosage kit from ThermoFisher Scientific. A calibration curve (with a correlation coefficient, R2 for 

all the cases between 0.9866 and 0.9990) was performed with 1 μg/μl BSA (ThermoFisher Scientific, 
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#B14, USA) used as a standard at concentrations ranging from 0 to 10 μg/ml. It was prepared enough 

Pierce reagent to add a volume of 150 μl in all the wells, proportionally to 1 g of Ionic Detergent 

Compatibility Reagent (IDCR) (ThermoFisher Scientific, #22663, USA) diluted in 20 ml of Pierce® 660nm 

Protein Assay Reagent (ThermoFisher Scientific, #22660, USA), was then added in each well and 

incubated 5 min at RT. Absorbance was measured at 660 nm using a spectrophotometer (Microplate 

Absorbance Spectrophotometer, xMarkTM, BioRad, USA). Protein samples were then aliquoted and 

stored at 70 ºC in a Ultra Low Temperature Freezer (New Brunswick Scientific, U725, USA). 

 

2.2.6.2. Cell lysates for mTOR western blot analyses 

THP-1 cells (monocytes) were seeded in T25 flasks with a cell density of 2.0x106 cells/flask and 

differentiated into M0 macrophages as explained in the section 2.1.2.4. The treatment took place after 

the recovery period of 24 h without PMA. RAW 264.7 cells (macrophages) were also seeded in T25 

flasks with a cell density of and 5.0x105 cells/flask. Both types of cells were then incubated for 2, 12 and 

24 hours with 8 mg/ml of Revamil® honey or “sugar mix” diluted in the respective culture medium and 

with 100 ng/ml of LPS. The preparation of the cell lysates was performed working on ice and as 

described for the p38 analyses. To refer that the correlation coefficient of the calibration curve was also, 

in this experience, always in the range above mentioned, really close to 1. 

 

2.2.7. Western Blot analyses 

2.2.7.1. Western Blot for p38 

An amount corresponding to 15 μg of proteins was diluted (in a total volume of 15 μl) in distilled water 

and 5x loading buffer (composition present in the Table 11).  

 

Table 11 – 5X Loading buffer (home-made) composition. 

Reagent Reference MW (g/mol) Cc. (mM) 

Tris-HCl 
Sigma, 

#T5941, USA 
157.60 143 

Sodium dodecyl sulfate 

(SDS) 

MP 

Biomedicals, 

LLC, #151-21-

3, USA 

288.38 200 

β-mercaptoethanol 
Sigma, #60-24-

2, USA 
78.13 2 000 

Glycerol 
Sigma, #56-81-

5, USA 
92.09 25 % 

Bromophenol Blue 
Sigma, #115-

39-9, USA 
699.96 0.75 
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The samples were then heated for 5 min at 100 ºC, centrifuged for 2 min at 13 000 rpm (Eppendorf, 

MiniSpin, Germany) and then loaded on a 12 % SDS-PAGE (Sodium Dodecyl Sulfate Polyacrilamide 

Gel Electrophoresys). The home-made gel composition is explained in the Table 12, it had 15 wells and 

1 mm of thickness, the gel was made in two steps. First the “running gel” solution was prepared and 

moulded between 2 glass supports, covered with isobutanol-saturated with water (upper phase of a 

solution 50:50 isobutanol and distilled water), to level the top of the gel and take out bobbles, and left to 

polymerize during 1 h. The second step was to add the “stacking gel” on the “running gel” and 

polymerised during 30 min with a 15-well comb. The gel was immerged with running buffer (composition 

in the Table 13).  

 

Table 12 – Home-made 12 % SDS-PAGE gel composition for western blot analyses.  

Component Reagents Reference 
“Running 

gel” 

“Stacking 

gel” 

Gel Buffer 

(200ml H20) 

pH 8.9 

Trizma (Tris) 

1.5 M – 36.3 g 

Sigma, 

#T1503, USA 25 % 

(2.9 ml) 
- 

SDS – 0.8 g 
MP, #151-21-

3, USA 

Spacer Gel Buffer 

(100ml H20) 

pH 6.8 

Trizma (Tris) 

0.5 M – 6.06 g 

Sigma, 

#T1503, USA 
- 

25 % 

(1.25 ml) 
SDS – 0.4 g 

MP, #151-21-

3, USA 

Distilled H2O - - 
35 %  

(3.1 ml) 

65 %  

(3.25 ml) 

Acrylamide - 
Sigma, #79-

06-1, USA 

40 %  

(4.8 ml) 

10 %  

(0.5 ml) 

Ammonium persulfate (APS) (25 

%) 
- 

Sigma,  

#7727-54-0, 

USA 

60 μl 20 μl 

N,N,N′,N′-

Tetramethylethylenediamine 

(TEMED) 

- 
Sigma, #110-

18-9, USA 
3.6 μl 5 μl 

 

Table 13 – Running buffer composition. 

Reagent Reference MW (g/mol) Cc. (mM) 

Tris-HCl Sigma, #T5941, USA 157.60 2.5 

SDS MP Biomedicals, LLC, #151-21-3, USA 288.38 0.01 % 

Glycine Carl Roth, #3908.2, Germany 75.07 19.2 
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A volume of 2 μl of Color Protein Standard Board Range (BioLabs, #P7712S, USA) was used as a 

marker for molecular weight determination. The electrophoresis was performed at 150V for 45 min. The 

gel was then washed for 5 min with transfer buffer (composition in Table 14). 

 

Table 14 – Transfer buffer composition. 

Reagent Reference 
MW 

(g/mol) 

Cc. 

(mM) 

5 % Concentrated 

transfer buffer 

Bis(2-hydroxyethyl)amino-

tris(hydroxymethyl)methane 

(Bis-Tris) 

SAFC, #B4429, 

USA 
209.24 500 

Bicine 
Sigma, #B3876, 

USA 
163.17 500 

EDTA 

Merck, 

#1.08418.0250, 

Germany 

372.24 20.5 

4-chloro-1-butanol 
Aldrich, #278823, 

USA 
108.57 1 

10 % Methanol 

Merck, 

#1.07018.2511, 

Germany 

32.04 - 

0.1 % NuPageTM ® antioxidant 
Invitrogen, 

#1771637, USA 
- - 

84.9 % Distilled water - 18.0 - 

 

The Immobilon® PVFD (polyvinylidene fluoride) 0.45 μm transfer membrane (Merck Milipore, USA) was 

incubated 1 min in 100 % methanol and then washed 5 min in transfer buffer. A transfer assembly unit 

was prepared as the following layout from bottom to top [sponge, Whatman paper, membrane, gel, 

Whatman paper, sponge] and soaked with transfer buffer. Semi-dry electro-transfer of the proteins from 

the gel to the membrane was performed at 1 mA/cm2 for 2 h. Membrane was then blocked for 1 h at RT 

in Odyssey® Blocking Buffer (PBS) (LI-COR, #927-40000, USA), diluted twice in PBS. The membrane 

was next incubated overnight at 4 ºC with the primary rabbit IgG antibody (diluted 1 000x) raised against 

the phosphorylated (p-p38) (Cell Signalling Technology, CS #9211, USA) or total form of p38 (Cell 

Signalling Technology, CS #9212, USA) or for 30 min at RT with the primary mouse IgG antibody (diluted 

10 000x) raised against α-tubulin (Sigma-Aldrich, #T5168, USA). Primary antibodies were diluted in 

Odyssey® Blocking Buffer containing 0.1 % Tween-20 (BioRad, #1796531, USA). Membranes were 

washed 3 times for 5 min in PBS containing 0.1 % Tween-20 before the incubation with the secondary 

antibody. Anti-rabbit (LI-COR, IRDye 800nm, #926-32211, USA) or anti-mouse secondary fluorescent 

antibody (LI-COR, IRDye 700nm, #926-68070, USA) diluted 10 000x in Odyssey® Blocking Buffer 

containing 0.1 % Tween-20 was incubated for 1h or 30 min at RT and used to detect the corresponding 
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primary antibodies. Membranes were finally washed 3 times for 5 min in PBS containing 0.1 % Tween-

20 and twice in PBS. Before scanning with the Odyssey Scanner (ODY-1896) (LI-COR, USA), the 

membranes were dried for 45 min at 37 ºC. The abundance of p-p38 or p38 (43 kDa both, so analysed 

in two different gels) was first quantified using the Odyssey software and then normalized for the 

corresponding fluorescence signal obtained for the immune-detection of α-tubulin used as loading 

control. A ratio between normalized p-p38 signal and normalized p38 signal was then calculated to 

express the abundance of the phosphorylated form of p38.   

 

2.2.7.2. Western Blot for mTOR 

An amount corresponding to 15 μg of proteins was diluted (in a total volume of 15 μl) in distilled water 

and 4x loading buffer NuPAGE LDS sample buffer (ThermoFischer Scientific, USA). The samples were 

then heated for 5 min at 100 ºC, centrifuged for 2 min at 13 000 rpm (Eppendorf, MiniSpin, Germany) 

and then loaded on a NuPAGE gradient 3-8 % tris-acetate protein gel (ThermoFischer Scientifc, USA). 

A volume of 3 μl of HiMarkTM Pre-Stained HMW Protein Standard (invitrogen, #LC5699, USA) was used 

as a marker for high molecular weight determination. The electrophoresis was performed at 150V for 

45min, immerged in the running buffer (5 % NuPAGE Tris-acetate and 0.01 % NuPAGE antioxidant). 

The gel was then washed for 5 min with transfer buffer (composition in Table 14).  

The transfer of the proteins from the gel to the membrane was realized as explained in the 

section2.2.7.1. The membrane was next incubated overnight at 4 ºC with the primary rabbit IgG antibody 

(diluted 1 000x) raised against the phosphorylated (p-mTOR) (Cell Signalling Technology, CS #2971S, 

USA) or total form of mTOR (Cell Signalling Technology, CS #2972, USA) or for 30 min at RT with the 

primary mouse IgG antibody (diluted 20 000x) raised against Anti-β-Actin (Sigma-Aldrich, #A5441, 

USA). Primary antibodies were diluted in Odyssey® Blocking Buffer containing 0.1 % Tween-20 (BioRad, 

#1796531, USA). Membranes were washed 3 times for 5 min in PBS containing 0.1 % Tween-20 before 

the incubation with the secondary antibody. Anti-rabbit (LI-COR, IRDye 800nm, #926-32211, USA) or 

anti-mouse secondary fluorescent antibody (LI-COR, IRDye 700nm, #926-68070, USA) diluted 10 000x 

in Odyssey® Blocking Buffer containing 0.1 % Tween-20 was incubated for 1h or 30 min at RT and used 

to detect the corresponding primary antibodies. Membranes were finally washed 3 times for 5 min in 

PBS containing 0.1 % Tween-20 and twice in PBS. Before scanning with the Odyssey Scanner (ODY-

1896) (LI-COR, USA), the membranes were dried for 45 min at 37 ºC. The abundance of p-mTOR or 

mTOR (289 kDa  both, so analysed in two different gels) was first quantified using the Odyssey software 

and then normalized for the corresponding fluorescence signal obtained for the immune-detection of 

anti-β-Actin used as loading control. A ratio between normalized p-mTOR signal and normalized mTOR 

signal was then calculated to express the abundance of the phosphorylated form of mTOR. 

 

2.2.8. Gene expression analyses: total RNA extraction and purification 

RAW 264.7 cells were seeded in 6-well plates (10 cm2/well) (Corning-Costar, USA) at a cell density of 

750 000 cells/well. Cells were polarized for 18h (see in the section 2.1.2.2) in the presence of several 

concentrations (1, 4 and 10 mg/ml) of “sugar mix” or Revamil® honey. At the end of the polarization total 

RNA was extracted using the RNeasy Mini kit (50) (Qiagen, Germany) in an RNase-free environment. 
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Briefly, cells were lysed in 350 μl of RLT lysis buffer. The cell lysates were then collected in 2 ml safe-

lock micro test tube (Qiagen, Germany). RNA purification was performed with the QIAcube device 

(Qiagen, Germany), according to the protocol (ID3368) described in the RNeasy Mini kit (50) with DNase 

digest. The purified RNA was collected in 1.5 ml tubes and stored at -70 ºC for further analyses.    

 

2.2.9. Reverse transcription  

RNA samples were quantified using a NanoDrop-1000 Spectrophotometer (ThermoFischer Scientific, 

USA). A total amount of 2 μg of RNA was prepared in 12 μl of RNAse-free water and 1 μl of oligo-dT, 

and used for reverse transcription using the Transcriptor First Strand cDNA Synthesis kit (ROCHE, 

Switzerland) according to the manufacturer’s protocol. Samples were then added to 7 μl of the cDNA 

master mix and adjusted to a final volume of 20 μl. Samples were then incubated for 30 min at 55 ºC to 

allow complementary DNA (cDNA) synthesis, and for 5 min at 85º C to stop the reaction. The cDNA 

samples were stored at -20 ºC for further analyses.  

 

2.2.10. Real-time quantitative Polymerase Chain Reaction (RT-qPCR) 

cDNA samples were diluted in Milli-Q water and 5 μl of the diluted cDNA were used as template. The 

primers (Integrated DNA technologies, USA) Table 17 were diluted to 3 μM with Mili-Q water and were 

used in the reaction mixture presented in the Table 15. The SYBR® Select Master Mix was adquired 

from the Applied Biosystems, USA. Real time quantitative PCR was performed using the ViiA device 

(Applied Biosystems, USA) programmed for 40 amplification cycles (cDNA strand denaturation at 95 ºC 

for 15 seconds; primer hybridization and elongation at 60 ºC for 1 min), more details in the Table 16. 

First it was chosen the best “house keeping” gene (HKG) to normalize the experiments, the sequences 

of the primers tested, ActB (β-actin protein), RPS9 (ribosomal protein S9), TBP (TATA-box binding 

protein), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and RPL13 (ribosomal protein L13, 

also known as 23kDa)11,67,68, are presented in the Table 17. The gene encoding the GAPDH was used 

as HKG for the macrophage polarization program, and the gene encoding the 23kDa was used as HKG 

to compare the different treatments (“sugar mix” and honey) for a particular macrophage phenotype. 

Results were calculated according the 2-ΔΔCt method (equations 4-6), normalized for either GAPDH or 

23kDa.69 

 
ΔCt = 𝐶𝑡 (𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) − 𝐶𝑡 (𝐻𝐾𝐺 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛)                           (4) 

 
ΔΔCt = ΔCt (treated condition) −  ΔCt (control condition for the same gene)        (5) 

 
Amont of target = 2−ΔΔCt                                                                                                           (6) 
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Table 15 – Reaction mixture composition. 

Reagent Cc. (mM) Volume 

MilliQ water - 2.5 µl 

Forward primer 3 μM 2.5 µl 

Reverse primer 3 μM 2.5 µl 

SYBR® Select Master Mix with The AmpliTaq® DNA Polymerase (2x) 12.5 µl 

20 ng of cDNA diluted in Nuclease-free Water (10x) 5.0 µl 

Total  25.0 µl 

 

Table 16 – Thermal cycle profile. 

Description Holding Cycling Stage 

Step 1 - activation 
1 - Amplification (40 

Cycles) 
2 - Melt curve 

  Denaturation Annealing Denaturation Annealing Melting 

Temperature (ºC) 95 95 60 95 60 95 

Time 10 min 15 sec 1 min 15 sec 15 sec 15 sec 

 

Table 17 – Primers sequences for the genes tested by RT-qPCR. Actin Beta, TBP and RPS9 were tested as 

HKG but they were not chosen. The GAPDH and 23kDa work better as HKG for the polarization and the treatment, 

respectively. iNOS and IL-6 were used as gene markers for M1 macrophage polarization. MRC1 and Arg 1 were 

used as gene markers for M2 macrophage polarization, as explained in the section 1.1.2 of introduction. First 

column shows stock concentration of each gene. Next columns show the forward and reverse primer sequences. 

Last column shows cDNA dilution applied in Milli-Q water for gene amplification.     

Gene designation (stock 

concentration) 

Forward primer 

sequences 
Reverse primer 

sequences 

Applied 

cDNA 

dilution 

ActB 
5’ – CTA AGG CCA ACC 

GTG AAA AG – 3’ 

5’ – ACC AGA GGC ATA 

CAG GGA CA – 3’ 
100x 

RPS9 
5’ – GCT GTT GAC GCT 

AGA CGA GA – 3’ 

5’ – AGC ATT GCC TTC 

AAA CAG ACG – 3’ 
100x 

TBP 
5’ – CAC AAG GCC TTC 

CAG CCT TA – 3’ 

5’ – CAC AGG AGC CAA 

GAG TGA AGA – 3’ 
100x 

GAPDH 
5’ – TGA GCA AGA GAG 

GCC CTA T – 3’ 

5’ – AGG CCC CTC CTG 

TTA TTA TG – 3’ 
100x 

23kDa 
5’ - GGAG GTC GGG 

TGG AAG TAC CA – 3’ 

5’ – TGC ATC TTG GCC 

TTT TCC TT – 3’ 
100x 
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iNOS 
5’ – CAA TGG CAA CAT 

CAG GTC GG – 3’ 

5’ – CGT ACC GGA TGA 

GCT GTG AA – 3’ 
10x 

IL-6 
5’ – CTC TGC AAG AGA 

CTT CCA TCC – 3’ 

5’ – TGA AGT CTC CTC 

TCC GGA CT – 3’ 
10x 

MRC1 
5’ – GGA TTG CCC TGA 

ACA GCA AC – 3’ 

5’ – ACT TAA GCT TCG 

GCT CGT CA – 3’ 
100x 

Arg 1 
5’ – GTA CAT TGG CTT 

GCG AGA CG – 3’ 

5’ – TTT CTT CCT TCC 

CAG CAG GT – 3’ 
100x 

 

2.2.11. Confocal microscopy analysis of mitochondria and lysosome 

organelles  

THP-1 cells with a cell density of 1x105 cells/well were seeded in Lab-Tek® 2 well-chamber slides 

(4cm2/well, 1.5 ml/well) (Nalge Nunc International, USA), differentiated into M0 macrophages or 

polarized into M1 and M2 macrophages. Several conditions were studied with this technique. In the first 

condition, the macrophages M0, M1 and M2 were treated with either 8 mg/ml of “sugar mix” or Revamil® 

honey diluted in culture medium during their differentiation and polarization, respectively. The M0 

macrophages (see in the section 2.1.2.4 the protocol for differentiation and polarization of THP-1 cells) 

were incubated 24 hours with the treatment in the day 1 with the cytokine PMA, the M1 also during 24 

hours in the day 3 with the cytokines LPS and IFNγ, and the M2 were incubated 48h in the day 3 with 

the cytokines IL-4 and IL-13. In the second condition, it was studied the treatment with either 8 mg/ml 

of “sugar mix” or Revamil® honey diluted in culture medium, of all the macrophages after their 

differentiation (M0 – day 3) and polarization (M1 – day 4, M2 – day 5) during 24 h. Important to refer 

that the incubation of M0 macrophages was after the recovery period to eliminate the strong influence 

of the PMA in the induction of the expression of certain genes, including genes encoding for cytokines. 

Resting time allows their expression to return to a basal level for the purpose of making sure that the 

observed effects are due to incubations and not just "PMA-dependent". In the third condition, it was 

studied the treatment with either 8 mg/ml of “sugar mix” or Revamil® honey diluted in culture medium 

and at the same moment the stimulation with 100 ng/ml LPS23,36, of M0 macrophages after their 

differentiation, in the day 3, for three time points – 2, 12 and 24 h.  

 

2.2.11.1. Mitochondrial morphology 

To study the mitochondrial morphology the cells were then incubated for 30 min with 100 nM 

Mitotracker® green probe (Invitrogen, USA) in a humidified incubator at 37 ºC and 5 % CO2 (Heracell 

2400, Heraeus, USA). Micrographs were obtained on an arbitrary selection of the cells with a confocal 

microscope (Leica Microsystems, Belgium). Each micrograph could only contain one cell to assess the 

mitochondrial fragmentation with the program ImageJ (varying from 15 to 20 micrographs analysed by 

condition for one biological independent replicate). The protocol to quantify the network mitochondrial 

was provided by the PhD Elodie Lobet70 and is described below. The micrographs were open in the 

ImageJ64 program, and the area correspondent to the cell was selected, the noise eliminated by the 

brush and the image transform into the 8bits type, then they were adjusted by the “Smooth”, 
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“Brightness/contrast” and “Threshold” with dark background tools and filter by the “Kernels filter hat 7x7”. 

Finally analysed by the “analyse particles” tool and the data obtain about the aspect ratio (AR) saved in 

an excel file. The AR is correlated to the elongation of the mitochondria and is calculated by the equation 

(7), the definition of length (L) major and L minor is shown in the figure next to the equation. 

           

 

  

 

(7) 

 

 

 

 

The average of the AR for each image, so each cell mitochondrial population was calculated and the 

AR of all the images/cells were used to determine the mean and the standard deviation (SD) for each 

condition. A smaller AR corresponds to a more fragmented network. 

After the determination of the AR it was determined the “end points by branch points ratio (E/B)”. For 

that the image was process by the “binary - skeletonize” tool and the “Morphology – binary connectivity”. 

From the “analyse – histogram” the data for the ratio were obtain in a list, the legend of the list is - 0. 

background, 1. Single Pixel, 2. End point, 3. Bifurcation, 4. Four ways, 5. Five ways, 6. Six ways, and 

pass to an excel file. The different steps of the treatment of the micrographs are shown in the appendix 

0. The ratio is correlated to the connectivity of the mitochondria and is calculated by the equation (8). 

 

 

 

E/B =
End points (value of 2. )

Branch points (∑ 𝑛6.
3. )

                                        (8) 

 

 

 

 

The ratio was calculated for all the micrographs and it was used to determine the mean and the SD for 

each condition. A bigger ratio corresponds to a more fragmented network. 

 

2.2.11.2. Lysosomal abundance 

To reveal the lysosomal abundance the cells were then incubated for 30 min with 100 nM Lysotracker® 

red DND-99 probe (Molecular probes, Life technologies, USA) in a humidified incubator at 37 ºC and 5 

% CO2 (Heracell 2400, Heraeus, USA). Micrographs were obtained on an arbitrary selection of the cells 

with a confocal microscope (Leica Microsystems, Belgium). Each micrograph could only contain one 

cell to be possible to assess the relative lysosomal area with the program ImageJ (varying from 15 to 
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20 micrographs analysed by condition for one biological independent replicate). The protocol to quantify 

it was provided by the master student Jérémy Verbeke and is described below. The micrographs were 

open in the ImageJ64 program and transform into 8bits type, then they were modified by the “Lookup 

Tables - HiLo” that made possible the selection of the total area of the cell with the “Brush” tool, it the 

same tool the inside was filled this way selecting only the inside of the cell, the outside was eliminated 

by the “Clear outside” tool. The image was analysed by the “analyse measure” tool and the data obtain 

was the area of the cell saved in an excel file. Then the area of the lysosomal particles was determined 

after adjustment of the image with the “threshold” with the dark background, by the “analyse particles” 

that give the area of all the particles, the sum of all the areas give the lysosomal area for one cell, so by 

micrograph.  The relative lysosomal area was determined by the ratio of the sum of the particles area 

(signal) and the total area of the cell, as shown in the equation (9). An example of the different steps of 

the treatment of the micrographs are shown in the appendix 0. 

 

Lysosomal abundance (%) =
signal area

total cell area 
× 100                                        (9) 

 

2.2.12. FACS – fluorescent-activated cell sorting 

RAW 264.7 cells with a cell density of 1.5x105 cells/well were seeded in 6 well-plate (10 cm2/well, 2 

ml/well) (Corning-Costar, USA). The macrophages were treated with either 8 mg/ml of “sugar mix” or 

Revamil® honey diluted in culture medium at the seeding moment. It was also added or not after 24 h 

for both conditions separately 100 ng/ml of LPS23,36 and 100 mM of sucrose47 and cells were incubated 

for 24 h. So, 24 h only with “sugar mix” or Revamil® honey and plus 24h with or without LPS and sucrose. 

First, the concentrations of the fluorescent probes and times of incubation needed to be optimized. For 

the Mitotracker® green probe 100 nM was chosen a concentration in the range suggested in the data 

sheet71 and 30 min for the loading incubation time. For the Lysotracker® red probe we used 1 μM (above 

the range suggested in the data sheet72, after some optimization experiences) and 30 min for the loading 

incubation time. The fluorochromes filters chosen were fluorescein isothiocyanate (FITC) (488nm) for 

the Mitotracker® green and BD Horizon™ PE-CF594 (610/20nm) for the Lysotracker® red. 

The preparation of the samples for the measurement by flow cytometry (BD FACSVerse™ flow 

cytometer, USA) is described follow. First the supernatant was discarded and added 1ml of Hanks’ 

Balanced Salt Solution (HBSS) without Calcium Chloride, Magnesium Chloride and Magnesium Sulfate 

(GIBCO – Life Technologies, #14175-095, USA) with the respective fluorescent probes Mitotracker® 

green probe (Invitrogen, USA) and Lysotracker® red DND-99 probe (Molecular probes, Life 

technologies, USA), kept 30 min in the dark on the incubator. On ice, remove the HBSS and wash the 

cells with 1ml of HBSS, then the cells were scraped and transferred into a 5 ml Polystyrene Round-

Bottom Tube for flow cytometry (CorningTM, #352008, USA) for centrifugation during 5 min at 1200 rpm 

at 4 ºC. After the supernatant was discarded and the cells resuspended in 700μl of HBSS and gently 

mixed, cells can be analysed. 

First, it was processed the cleaning of the machine with Milli-Q water (deionized) and bleach (BD™ 

FACSClean solution plus 0.5 % sodium hypochlorite), then the machine was calibrated with a flow buffer 
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(BD FACSFlow™ sheath fluid) with 2 drops of calibration beads (BD FACSuiteTM CS&T Research 

Beads, #650622, USA). Step up the machine to read 20 000 cells per condition, being the threshold rate 

acceptable 1 000 to 1 300 events per second. It was passed the unstained cells and modified the voltage 

for the different filters with the view to have uniforms peaks. It was repassed the buffer with the beads 

to calibrate the machine after the voltage change. It was prepared the automatic report with the 

histograms (to analyse the fluorescence intensity) and the statistics table (the mean for FITC and PE-

CF594 fluorochrome filters) and finally ran all the conditions. To treat the data obtained it was used the 

BD FACS Suite Verse program, that can open the FCS files from the machine, the histograms of the 

LPS treatment and of the sucrose treatment for the same fluorochrome were overlaid in two different 

charts, and the respective table with the statistics was added, then the report was export was a pdf file.          

2.2.13. Statistical analyses 

Plotting of data and statistical analyses were performed using GraphPad Prism 5.0 software. For the 

results presented as means ± standard deviation (SD) for three independent experiments (n=3) the 

statistical significance was determined by the one-way ANOVA using a Tukey test. P-value, p, < 0.05 

was considered statistically significant. It was used the Bartlett's test to ensure an equal variance 

between conditions and if that does not occur (non-homogeneous variance) for a certain condition the 

t-test was used in pairs instead of the one-way ANOVA. When the variance was still heterogeneous 

besides the t-test was realized a Welch-correction. These analyses were applied to results used for 

Figure 17 and from Figure 20 to Figure 25. 
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3. Results and Discussion 

In this section, the results from all the experiments performed are presented and discussed. The main 

interest is to test the specific and discriminant effects of components of the honey besides the sugars it 

contains, on the biology of the organelles of macrophages. To compared this, experimental results 

obtained with Revamil® honey were systematically compared with the “sugar mix” solution, used as 

negative control as explained in the section 2.1.1. 

 

3.1. Effect of Revamil® on the culture media 

In the present work, since it is a new research project in the host laboratory, before being able to study 

the putative effects of Revamil® on the biology of mitochondria and lysosomes it was required to analyse 

the possible alterations of the media’s characteristics in the presence of honey and the “sugar mix” 

solution, in terms of pH and osmolality changes. 

 

3.1.1. Effect of Revamil® on the pH of the serum-free culture media 

The pH of RPMI 1640 serum-free media containing several concentrations (1, 2, 4, 6, 8, 10 and 40 

mg/ml) of Revamil® or “sugar mix” prepared in RPMI 1640 serum free culture medium was measured in 

order to evaluate a potential impact of these treatments on the acidification of the culture media (Figure 

12), no matter what the concentration is (within the range of concentrations chosen), neither “sugar mix” 

nor Revamil® affects the pH of the RPMI 1640 culture medium when compared to the non-supplemented 

RPMI 1640 medium used as control. 

At higher concentrations, the honey would lower the pH due to the presence of glucose oxidase leading 

to gluconic acid formation from glucose.51 Thus, at the concentrations tested the presence of Revamil®  

does not change the pH of the culture media, that is kept between 7.2 and 7.4. The pH of the medium 

is a little higher because it was left outside of the incubator (without the CO2 atmosphere) at RT for 30 

min before measurement (for allowing temperature equilibration, as explain in the section 2.2.1), a 

condition known to progressively lead to pH increase of the culture media buffered with H2CO3. 
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Figure 12 -  Effect of Revamil® honey on the pH of RPMI 1640 serum-free culture media. The pH of several 

concentrations (1, 2, 4, 6, 8, 10 or 40 mg/ml) of Revamil® (orange columns) or “sugar mix” (blue columns) prepared 

in RPMI 1640 serum free culture medium and of the medium without treatment (green column) was measured at 

RT with a standard calibrated pH-meter. PBS solution (grey line) was used as reference. 

 

3.1.2. Effect of Revamil® on the osmolality of the culture media 

The osmolality of media containing several concentrations (1, 2, 4, 6, 8, 10 or 40 mg/ml) of Revamil® or 

“sugar mix” prepared in DHG-L1 medium supplement with 10 % HIFBS was measured. The results can 

be seen in the Figure 13. 

Due to its high monosaccharide content, Revamil® honey should increase the osmolality of the culture 

media from a certain concentration upwards, and that increase could lead to a hyperosmotic stress. The 

range for an iso-osmotic solution is comprised between 280 and 300 mosm/Kg H2O, value usually found 

for plasma and other body fluids.65 The osmolality of serum-free DHG-L1 medium, and solutions of 150 

mM NaCl and 250 mM sucrose were used as references as mentioned in the section 2.2.2. 

The osmolality of the media containing the “sugar mix” treatment and the one containing the honey were 

comparable, no matter what the concentrations tested. The osmolality of media containing between 1 

and 8 mg/ml is in the interval of the solutions used as references (150mM NaCl and 250mM sucrose) 

and thus considered as iso-osmotic solutions. The 10 and 40 mg/ml media, especially the 40 mg/ml, are 

in the hyper-osmotic range being above the osmolality measured for 150 mM NaCl so above 300 

mosm/kg H2O.  
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Figure 13 -  Effect of Revamil® honey on the osmolality of DGH-L1 culture media. The osmolality of several 

concentrations (1, 2, 4, 6, 8, 10 and 40 mg/ml) of Revamil® (orange columns) or “sugar mix” (blue columns) prepared 

in DGH-L1 medium supplemented with 10 % HIFBS was measured with a calibrated Micro-Osmometer Type 6. 

The osmolality of serum-free DHG-L1 medium (dark green column), DHG-L1 medium supplemented with 10 % 

HIFBS (light green column), 150 mM NaCl (300 mosm/Kg H2O – above is hyper-osmotic) and 250 mM sucrose 

(250 mosm/Kg H2O - under 280 is consider hypo-osmotic) were used as reference (grey lines). 

 

3.1.3. Effect of Revamil® on the osmotic stress of RAW 264.7 cells 

To ensure that the cells were not exposed to a hyper-osmotic stress with the treatment of honey, besides 

the osmolality of the medium measurement shown before, the abundance of phosphorylated (activated) 

p-p38 MAPK (activated by phosphorylation at Thr 180 and Tyr 182), a well-known intracellular marker 

for hyperosmotic stress responses, was also analysed35,73,74. The abundance of p38 and its 

phosphorylated form (p-p38) was followed by western blot analysis in fluorescence on 15 μg of proteins 

of cell lysates prepared from RAW 264.7 cells incubated with several concentrations (1, 4, 6, 8, 10 and 

40 mg/ml) of Revamil® or “sugar mix” for 90 min and 24 h (Figure 14). Results shown that, except for 

the 40 mg/ml concentration, neither the Revamil® or the “sugar mix” triggers a strong p38 activation 

when compared to the non-treated (NT) control cells. Even if the normalized phosphorylated signal for 

p38 observed for a 90 min incubation time point is slightly stronger for cells that have been incubated 

with Revamil® or the “sugar mix”. These results suggest that for concentrations of 8 mg/ml or lower, cells 

do not seem to suffer from a hyper-osmotic stress, a result in agreement with the osmotic pressure 

measurements shown in the Figure 13. In addition, is important to note that no differences could be 

observed between cells treated with Revamil® or “sugar mix” (control).    
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A1       B1 

 

A2       B2 

  

Figure 14 -  Effect of Revamil® honey on the activation of p38. RAW 264.7 cells were treated with several 

concentrations (40 (just the 24 h), 10, 8, 6, 4 and 1 mg/ml) of Revamil® (orange columns) or “sugar mix” (blue 

columns) prepared in DGH-L1 medium supplemented with 10 % HIFBS during 90 min (A) and 24 h (B) of incubation. 

Non-treated cells were used as negative control (Ctrl-, green columns). The abundance of p-p38 (43 kDa) and total 

p38 (43 kDa) was analysed by fluorescence western-blot (A1) and (B1). Total p38 and p-p38 expressions were 

quantified and normalized against the expression of α -tubulin (55 kDa) used as loading control. A ratio between 

the normalized p-p38 abundance and the normalized total p38 abundance was then calculated for the 90 min (A2) 

and the 24 h (B2) and realized the mean of the values obtain for the same condition. The results are representative 

of two independent experiments (n=2).    
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3.2. Effect of Revamil® on macrophages 

 

3.2.1. Effect of Revamil® on the viability of RAW 264.7 and THP-1 cells 

In order to optimize experimental conditions, optimal concentration and time of incubation with the 

Revamil® and “sugar mix” that are fully compatible with the cell viability needed to be determined. So, 

the goal was to determine the highest concentration of Revamil® and “sugar mix” that does not affect 

the viability of the cells when compared with the control cells. The cell viability of RAW 264.7 cells 

incubated for 24, 48 and 72h with several concentrations from 1 to 40 mg/ml for RAW 264.7 and from 1 

to 10 mg/ml of Revamil® and “sugar mix” for THP-1 cells was determined by the measurement of LDH 

release in the cell culture media. The release is a marker of an increase in plasma membrane 

permeability that is correlated with cell death since the LDH is a cytoplasmic enzyme with high molecular 

weight (140 kDa)75,76 (Figure 15). One can observe that Revamil® or “sugar mix” concentrations between 

1 and 8 mg/ml do not seem to affect the cell viability, at least during the first 48 h of incubation. A 

percentage of release corresponding up to 20 % is considered as acceptable based on the highest 

spontaneous release observed for control cells incubated in culture media for 72 h. The positive control, 

as explain in the section 2.2.3, is expected to induce the maximal LDH release, which means that 

theoretically the percentage of LDH release it would be 100%, meaning all the LDH would be in the 

supernatant, what is not exactly the case in experimental condition, at least with the concentration of 

Triton-X-100 used. This set of data suggests that the highest concentration that does not affect viability 

is 8 mg/ml. In addition, for a given concentration, no difference in LDH release was observed between 

the cells incubated with Revamil® and the ones incubated with “sugar mix”. Let’s add that the RAW 

264.7 cells seem to be slightly more sensitive than THP-1 cells as the LDH release is slightly higher for 

the last 24 h of the 72 h of incubation in the presence of any of those treatments (Figure 15 - A3 and 

B3). 
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Figure 15 -  Effect of Revamil® honey on the viability of RAW 264.7 and THP-1 cells. RAW 264.7 cells (A) and 

THP-1 cells (B) were treated with several concentrations (1, 4, 6, 8, 10 and 40 (just for RAW 264.7) mg/ml) of 

Revamil® (orange columns) or “sugar mix” (blue columns) prepared in the respective media during 24 h (1), 48 h 

(2) and 72 h (3). Non-treated cells were used as a negative control (Ctrl-, light green columns) and cells treated 

with PBS with 2 % Triton-X-100 were used as positive control (Ctrl+, dark green columns). Cell viability was 

determined with the cytotoxicity detection kit based on the LDH release in culture media after cell permeabilization. 

The threshold of cytotoxicity was put at 20 % of LDH release (grey line) usual value. Results for negative control, 1 

and 10 mg/ml in RAW 264.7 cells are expressed as percentages of LDH release and mean ± S.D. for n=3 

independent experiments. Other results are expressed as percentages of LDH release and mean for n=2 

independent experiments.  
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3.2.2. Effect of Revamil® on the proliferation of RAW 264.7 and THP-1 cells 

In order to analyse the effect of Revamil® on cell proliferation, two types of assays were used depending 

on the cell type of interest. A protein assay using the Folin’s reagent method (see in section 2.2.4) was 

used for the adherent RAW 264.7 macrophages, while the proliferation of THP-1 monocytes (cells in 

suspension) was determined by cell counting (see in section 2.2.5).  

RAW 264.7 cells were incubated with several concentrations (6, 8, 10 or 40 mg/ml) of Revamil® or “sugar 

mix” during 24, 48 and 72 h, (Figure 16). The charts show that the concentrations between 6 and 10 

mg/ml do not strongly affect cell proliferation when compared to the non-treated control cells, even if a 

reduction is systematically observed between 48 and 72 h of incubation for cells with Revamil. At 40 

mg/ml, the cell proliferation was reduced for both treatments. 

THP-1 cells were then used to confirm these results, but these cells were incubated for 24, 48 or 72 h 

with a narrower range of concentrations from 1 to 10 mg/ml (Figure 17). Results were similar to the ones 

obtained for RAW 264.7 cells, suggesting that a concentration lower than 10 mg/ml of Revamil® honey 

has no significant effect on cell proliferation. 

So, in conclusion, the goal of these experiments was to determine the highest concentration of Revamil® 

or “sugar mix” that does not affect the viability and proliferation of the cells when compared with the 

control cells. We conclude that, the maximal and “safe” concentration is 8 mg/ml and that is the one we 

selected for further experiments. 
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Figure 16 -  Effect of Revamil® honey on the proliferation of RAW 264.7 cells. RAW 264.7 were treated with 

several concentrations (1 (A), 6 (B), 8 (C), 10 (D) and 40 (E) mg/ml) of Revamil® (orange lines) or “sugar mix” (blue 

lines) during 24, 48 and 72 h. Non-treated cells were used as negative control (Ctrl-, green lines). Cell proliferation 

was determined with a protein assay based on the Folin’s reaction. Results are expressed in total protein content 

(μg) as means for n=2 biological independent experiments.  

 



    59 
 

 

Figure 17 -  Effect of Revamil® honey on the proliferation of THP-1 cells. THP-1 cells were treated with several 

concentrations (1 (A), 4 (B), 8 (C) and 10 (D) mg/ml) of Revamil® (orange lines) or “sugar mix” (blue lines) during 

24, 48 and 72 h. Non-treated cells were used as negative control (Ctrl-, light green columns). Cell proliferation was 

determined with a cell counting approach. Results are expressed as a total cell number and mean ± S.D. for n=3 

independent experiments. Statistical analysis performed (One-way ANOVA using Tukey test) revealed that none of 

the differences between “sugar mix”, Revamil® and non-treated control cells was statistically significant, no matter 

what the time point analysed.  

 

3.2.3. Effect of Revamil® on the polarization of RAW 264.7 macrophages 

To test the effect of Revamil® honey on the expression of some markers genes during the polarization 

of the RAW 264.7 macrophages by RT-qPCR, it was first necessary to choose the best HKG between 

the several studied, as listed before in the section 2.2.10, ActB, RPS9, TBP, GAPDH and 23kDa. A 

good HKG during polarization is a gene for which the expression stays stable (the ΔCt should thus be 

as small as possible and certainly lower than 1 between two experimental conditions to be compared). 

The choice was based on the smallest variation in the Ct obtain by RT-qPCR. First it was analysed the 

variation of Ct for these genes between the RAW 264.7 macrophages that are not polarized and M1 

and M2 polarized cells (Figure 18 - A1). It is clear that the best HKG needed to be used as a reference 

gene for the polarization is the GAPDH. The gene chosen as HKG for the honey treatment on M1 and 

also on M2 macrophages was the 23kDa (Figure 18 - A2 and A3). It was selected through the variation 

between the RAW 264.7 macrophages polarized (into M1 and M2) and the Revamil® and “sugar mix” 

treated polarized cells, respectively. It was not such an obvious choice for M1 like for M2. The difference 
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between the Cts is higher for the treatments than for the polarization, so it is important to refer that it is 

possible that better genes could be use as HKG. We thus next tested the effect of Revamil® honey on 

gene already known and commonly used ad markers of M1 and M2 RAW 264.7 cells polarization11.  

 

 

Figure 18 -  Selection of the “house keeping” genes for the study of the effect of Revamil® honey on gene 

markers of M1 and M2 RAW 264.7 cell polarization. First is shown (A1) the absolute value of the difference 

between the Ct of macrophages not polarized and polarized M1 non-treated condition (NT) (light bluish green) and 

M2 also non-treated condition (dark bluish green). After is presented (A2) the absolute value of the difference 

between the Ct of M1 macrophages non-treated and M1 macrophages treated with “sugar mix” (blue columns) and 

Revamil® (4 mg/ml) (orange columns) and finally (A3) the absolute value of the difference between the Ct of M2 

macrophages non-treated and M2 macrophages treated with “sugar mix” (blue columns) and Revamil® (orange 

columns) (4 mg/ml).   

 

Second, the polarization of RAW 264.7 macrophages observed in response to LPS and INFɣ for M1 

and IL-4 and IL-13 for M2, was tested by analysing the expression of some genes known to be markers 

for M1 (iNOS and IL-6 shown in the A1 and A2 charts respectively of the Figure 19) or M2 (MRC1 and 

Arg 1 in the A3 and A4 charts respectively of the Figure 19) polarization11. Once the macrophage 

polarization model was set up, the effect of Revamil® on the polarization of RAW 264.7 macrophages 

was tested. 
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To test the effect of Revamil® honey during the polarization of the RAW 264.7 macrophages, the cells 

were incubated with several concentrations (1, 4 and 10 mg/ml) of Revamil® or “sugar mix” in the 

presence of the polarizing molecules mentioned above. The expression of gene markers was then 

analysed by RT-qPCR and results are presented in the Figure 19. While still preliminary, the results 

show that, both Revamil® and “sugar mix” at 10 mg/ml slightly increase the expression of M1 gene 

markers (iNOS and IL-6), and decrease the expression of M2 gene markers (MRC1 and Arg 1). These 

changes in gene expression seem dependent on the concentration of Revamil® or “sugar mix” 

treatments. However, the fact that there is no relevant difference of gene expression between Revamil® 

and “sugar mix” treatments indicate that these changes are most likely due to the sugar content and are 

not specific to any honey components. It will be important to repeat this assay at least two more times, 

to have independent biological triplicates to ensure the reproducibility of these results and the possibility 

to determine statistical significance. As we did not see any specific and discriminant effect of Revamil 

on these assays, we did not pursue these experiments.   
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Figure 19 -  Effect of Revamil® honey on the expression of gene markers of M1 and M2 RAW 264.7 cell 

polarization. (A) Confirmation of M1 and M2 polarization model for RAW 264.7 by measuring the expression of 4 

gene markers of polarization by RT-qPCR. Results are shown as relative abundance of iNOS (A1), IL-6 (A2), MRC1 

(A3) and Arg 1 (A4) transcripts normalized against the gene expression of the GAPDH used as HKG, so as gene 

reference, expressed in fold increase compared to the M0 (green columns) expression level.  (B) RAW 264.7 cells 

were treated with several concentrations (1, 4 and 10 mg/ml) of Revamil® (orange columns) or “sugar mix” (blue 

columns) during their polarization into M1 or M2 macrophages. The expression of polarization marker genes at 

mRNA level were analysed with RT-qPCR, the results are shown as relative abundance of iNOS (B1), IL-6 (B2), 

MRC1 (B3) and Arg 1 (B4) transcripts normalized against the gene expression of the ribosomal 23 kDa protein 

used as HKG, expressed in fold increase compared to the non-treated polarized macrophages condition, 

expression level used as negative control (Ctrl-, green columns).  
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3.3. Effect of Revamil® on the organelles of the macrophages 

 

3.3.1. Effect of Revamil® on mitochondrial morphology and lysosomal 

abundance of THP-1 macrophages 

The effects of Revamil® honey on the mitochondrial morphology and lysosomal abundance were tested 

in THP-1 macrophages. These cells were chosen rather than RAW 264.7 as, when differentiated, they 

spread widely, making it easier to analyse the morphology of organelles by immunofluorescence and 

confocal microscopy. Several conditions were studied with this technique.  

First, the macrophages M0, M1 and M2 were treated with either 8 mg/ml (highest concentration that did 

not affect the physicochemical properties of culture media nor affects the viability and proliferation of the 

macrophages when compared with the non-treated cells) of “sugar mix” or Revamil® honey diluted in 

culture medium during their differentiation and polarization, respectively. The M0 and M1 macrophages 

(see in the section 2.1.2.4 the protocol for differentiation and polarization of THP-1 cells) were incubated 

24 h with the treatment plus the respective chemokines, and the M2 were incubated 48 h (due to its 

protocol of polarization) (Figure 20 - for the mitochondrial morphology, and Figure 21 - for the lysosomal 

abundance). 

Second, the treatment with either 8 mg/ml of “sugar mix” or Revamil® honey diluted in culture medium 

was realized for all the macrophages (M0, M1 and M2) after their differentiation and polarization during 

24 h (Figure 22 - for the mitochondrial morphology).  

Third, the treatment with 8 mg/ml of “sugar mix” and Revamil® were also tested on the organelles of the 

macrophages (that are not polarized, M0) stimulated with 100 ng/ml LPS23,36 during 2, 12 and 24 h 

(Figure 23 - for the mitochondrial morphology, and Figure 24 - for the lysosomal abundance). 

Cells were then either stained with MitoTracker® green or LysoTracker® red probes to observe, with a 

confocal microscope the morphology of the mitochondrial population or the abundance of lysosomes, 

respectively. The mitochondrial fragmentation status (determined following the protocol described in the 

section 2.2.11.1.) and the abundance of the lysosomal population (determined following the protocol 

described in the section 2.2.11.2.) were analysed with the software ImageJ64. As explain in the “Material 

and Methods” section, the data obtained was analysed in excel files and provided to the prism software 

to produce the charts and make the statistical analyses explained in the section 2.2.13.  

The number of micrographs/cells analysed per experimental condition is identified in the legends of the 

respective charts. 

   

3.3.1.1. Effect of Revamil® on mitochondrial morphology of THP-1 

monocyte differentiation in macrophages (M0) and their 

polarization in M1 and M2 macrophages 

The results of the effects of Revamil® honey on mitochondrial morphology during the differentiation and 

polarization of THP-1 macrophages are shown in the Figure 20. One can observe that the mitochondrial 

population in the M2 macrophages is more fragmented than in M0 or M1 macrophages. However, there 
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is no effect of Revamil® or “sugar mix” treatment on the fragmentation of mitochondria no matter what 

the polarization status of cells considered (M0, M1 or M2).  

 

C 

 

Figure 20 -  Effect of Revamil® honey on the mitochondrial morphology of THP-1 monocyte differentiation 

in M0 macrophages and their polarization in M1 and M2 macrophages. THP-1 macrophages were treated with 

8 mg/ml of Revamil® or “sugar mix” during their differentiation and polarization, for M0 and M1 during 24 h and for 

M2 during 48 h. Mitochondria morphology was revealed in cells stained with 100 nM of Mitotracker green probe for 

30 minutes and confocal microscopy observation. (A) The aspect ratio corresponds to the elongation of the 

mitochondrial population, and a smaller AR means a bigger fragmented morphology of the population for that 
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condition. For the M0 macrophages Ctrl- (non-treated cells) 53 micrographs were analysed, for “sugar mix” (SM) 

55, and for Revamil® (Rev) 57; for M1 Ctrl- 45, SM 46 and Rev 46; for M2 Ctrl- 45, SM 36 and Rev 44. Results are 

shown as Aspect ratio (A) or End point/Branch point (B) and shown as means of the cell populations ± 1 SD. The 

non-treated cells are used as the negative control (green columns), for the cells exposed to 8 mg/ml of “sugar mix” 

(blue columns), and for the cells treated with 8 mg/ml of Revamil® (orange columns). The results are representative 

of two independent experiments (n=2). The statistical analysis was performed with One-way ANOVA using Tukey 

test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (B) The end-point with branch point ratio corresponds to the connectivity 

of the mitochondrial population, and a bigger ratio is correlated with a bigger fragmentation of mitochondrial 

morphology. The number of micrographs per condition and the respective legend is the same as for the (A) chart.  

(C) Two examples of the micrographs obtained in this experience, in the left from the M0 - Ctrl- condition, and in 

the right from the M0 – Revamil condition.  

 

3.3.1.2. Effect of Revamil® on lysosomal abundance of THP-1 monocyte 

differentiation in macrophages (M0) and their polarization in M1 and 

M2 macrophages 

The results of the effects of Revamil® honey on lysosomal abundance during the differentiation and 

polarization of THP-1 are shown in the Figure 21. We can see that there is no statistical difference 

between the conditions and treatments analysed.  

A 
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B 

  

Figure 21 -  Effect of Revamil® honey on lysosomal abundance of THP-1 monocyte differentiation 

in M0 macrophages and their polarization in M1 and M2 macrophages. THP-1 macrophages were 

treated with 8 mg/ml of Revamil® or “sugar mix” during their differentiation and polarization, for M0 and M1 during 

24 h and for M2 during 48 h. (A) The relative lysosomal area for the M0, M1 and M2 THP-1 macrophages was 

revealed incubating 100 nM of Lysotracker red probe 30 min and it is directly proportional to the relative lysosomal 

abundance. For the M0 macrophages Ctrl- (non-treated cells) 55 micrographs were analysed, for SM 47, and for 

Rev 46; for M1 Ctrl- 35, SM 40 and Rev 46; for M2 Ctrl- 43, SM 26 and Rev 38. Results are expressed as relative 

lysosomal area and shown as means of the cell populations ± 1 SD. The non-treated cells are used as the negative 

control (green columns), for the cells exposed to 8 mg/ml of “sugar mix” (blue columns), and for the cells treated 

with 8 mg/ml of Revamil® (orange columns). For M0 conditions, the results are representative of two biological 

independent experiments (n=2). The statistical analysis was performed with One-way ANOVA using Tukey test. (B) 

Two examples of the micrographs obtained in this experience, in the left from the M0 - Ctrl- condition, and in the 

right from the M0 – Revamil condition. 

 

3.3.1.3. Effect of Revamil® on the mitochondrial morphology of 

differentiated or polarized THP-1 macrophages (M0, M1 and M2) 

The results of the effects of Revamil® honey on mitochondrial morphology after the differentiation and 

polarization of THP-1 macrophages are shown in the Figure 22. It is important to refer that these results 

came from only one experiment. However, it is interesting to emphasize that it seems that M1 

macrophages present a mitochondrial morphology that is less fragmented than the M0 and M2 

macrophages. But between “sugar mix” and honey treatments there is no statistical difference. However, 

these results need to be taken with caution and need to be reproduced before any conclusion could be 

drawn.  
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C 

  

Figure 22 -  Effect of Revamil® honey on the mitochondrial morphology of differentiated and polarized THP-

1 macrophages (M0, M1 and M2). THP-1 macrophages were treated with 8 mg/ml of Revamil® or “sugar mix” after 

their differentiation and polarization during 24 h. Mitochondria morphology was revealed in cells stained with 100 
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nM of Mitotracker green probe for 30 minutes and confocal microscopy observation. (A) The aspect ratio 

corresponds to the elongation of the mitochondrial population, and a smaller AR means a bigger fragmented 

morphology of the population for that condition. For the M0 macrophages Ctrl- (non-treated cells) 45 micrographs 

were analysed, for SM 51, and for Rev 48; for M1 Ctrl- 26, SM 27 and Rev 26; for M2 Ctrl- 23, SM 27 and Rev 21. 

Results are shown as means of the cell populations ± 1 SD. The non-treated cells are used as the negative control 

(green columns), for the cells exposed to 8 mg/ml of “sugar mix” (blue columns), and for the cells treated with 8 

mg/ml of Revamil® (orange columns).  For the conditions of M0 macrophages the results are representative of two 

biological independent experiments (n=2), for the other macrophages, only one experiment was performed (n=1). 

(B) The end-point with branch point ratio corresponds to the connectivity of the mitochondrial population, and a 

bigger ratio is correlated with a bigger fragmentation of mitochondrial morphology. The number of micrographs per 

condition and the respective legend is the same as for the (A) chart. The statistical analysis was performed with 

One-way ANOVA using Tukey test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (C) Two examples of the micrographs 

obtained in this experience, in the left from the M0 - Ctrl- condition, and in the right from the M0 – Revamil condition. 

 

3.3.1.4. Effect of Revamil® on mitochondrial morphology of LPS-stimulated 

or not THP-1 macrophages (M0) 

The results of the effects of Revamil® honey on mitochondrial morphology on LPS-stimulated THP-1 

macrophages M0 are shown in the Figure 23. Cells were stimulated with 100 ng/ml of LPS for 2, 12 and 

24 h, in the presence of 8 mg/ml of “sugar mix” or Revamil® honey.  

The statistical analysis was performed between different time points (the same condition) and in the 

same point between the treated cells and non-treated. It seems that at 2 h the mitochondrial morphology 

is slightly more fragmented in LPS-treated cells than in the respective cells for 12 and 24 h, a time point 

that also correspond to mTOR activation, which can inhibit the mitophagy23, the cleaning of fragmented 

mitochondria, as explained in the 1.3.2. However, this effect is not sustained for longer period of 

incubation, so we need to be careful about this interpretation. It will be important to make biological 

triplicates of all of these conditions. It is important to mention that there is no significant difference 

between the honey or “sugar mix” treatment no matter what the time point or whether they were also 

stimulated with LPS or not. 
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Figure 23 -  Effect of Revamil® honey on the mitochondrial morphology of LPS-stimulated M0 THP-

1 macrophages. THP-1 cells were treated with 8 mg/ml of Revamil® or “sugar mix” and stimulated at the same 

moment with 100 ng/ml of LPS, after their differentiation into macrophages M0. Mitochondria morphology was 

revealed in cells stained with 100 nM of Mitotracker green probe for 30 minutes and confocal microscopy 

observation. (A) The aspect ratio corresponds to the elongation of the mitochondrial population, and a smaller AR 

means a bigger fragmented morphology of the population for that condition. For the M0 macrophages (2 h) non-

treated cells 21 micrographs were analysed, for SM 33, for Rev 27, for LPS 57, for LPS + SM 61 and for LPS + Rev 

55. For (12 h) non-treated cells 29 micrographs were analysed, for SM 28, for Rev 27, for LPS 61, for LPS + SM 

58 and for LPS + Rev 57. Finally, for (24 h) non-treated cells 45 micrographs were analysed, for SM 51, for Rev 48, 

for LPS 48, for LPS + SM 40 and for LPS + Rev 46. Results are shown as Aspect ratio (A) or End point/Branch 

point (B) and shown as means of the cell populations ± 1 SD. The non-treated cells are used as the negative control 

(green columns), for the cells exposed to 8 mg/ml of “sugar mix” (blue columns), and for the cells treated with 8 

mg/ml of Revamil® (orange columns. The LPS stimulation is identified by the black diagonal lines through the 

columns. For all the cells stimulated with LPS and for the non-stimulated 24 h, the results are representative of two 

independent experiments (n=2), for the non-stimulated 2 and 12 h (n=1). The statistical analysis was performed 

with One-way ANOVA using Tukey test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (B) The end-point with branch point 

ratio corresponds to the connectivity of the mitochondrial population, and a bigger ratio is correlated with a bigger 

fragmentation of mitochondrial morphology. The number of micrographs per condition and the respective legend is 

the same as for the (A) chart. (C) Two examples of the micrographs obtained in this experience, in the left from the 

LPS 2 h - Ctrl- condition, and in the right from the LPS 2 h – Revamil condition.  

 

3.3.1.5. Effect of Revamil® on the lysosomal abundance of LPS-stimulated 

or not THP-1 macrophages (M0) 

The results of the effects of Revamil® honey on the lysosomal abundance on LPS-stimulated or not 

THP-1 macrophages (M0) during 2, 12 and 24 h are shown in the Figure 24. The statistical analysis was 

performed in the same point between the treated cells and non-treated and between the conditions 

stimulated or not with LPS. It was observed from the chart, that in cells stimulated with 100 ng/ml LPS 

during 2 h the abundance of lysosomes was slightly decreased when compared with the control, 

probably due to the inhibition of the mitophagy, since the lysosomes are involved in that process. Of 

course, that could be from other reasons than autophagy and is important to dig further, but we are not 

interest in in that particular result, but in specific and discriminant effect of Revamil on these assays. At 

12 and 24 h one can observe an increase in the abundance of lysosomes when compared with cells 

incubated with the LPS for 2 h and the values were similar to the ones of the respective control 

conditions. It was also observed, for the first time a difference between the “sugar mix” and Revamil® 

conditions. That was seen in LPS-stimulated cells that in the presence of Revamil® have more 

lysosomes (12 and 24 h) and also in non-stimulated cells (12 h). Therefore, it seems that the honey 

would, possibly, activate the biogenesis of lysosomes. It will be important to ensure that the results of 

the sugar mix and Revamil (24 h) treated cells are reproducible since they do not match the tendency 

of the increase of lysosomal abundance when treated with Revamil. This tendency was confirmed by 

the analysis of the abundance of lysosomes in RAW cells treated with Revamil during 48 h (see section 

3.3.2). Even being cells from different animals, they have in common the type of cell being both 
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macrophages cell lines.  After the reproducibility of these results be confirmed, it would be really 

interesting to understand which of the honey components, other than sugars will be responsible for that 

changes.  

An example of the micrographs obtain for each condition is represented in the appendix 6.4, the effect 

of the Revamil on the macrophages is visible in the micrographs. 

A 

 

B 

  

 

Figure 24 -  Effect of Revamil® honey on the lysosomal abundance of LPS-stimulated or not M0 THP-1 

macrophages. THP-1 cells were treated with 8 mg/ml of Revamil® or “sugar mix” and stimulated or not 

simultaneously with 100 ng/ml of LPS, after their differentiation into macrophages M0, for three incubation times. 

(A) The relative lysosomal area for the M0 macrophages was revealed in cells incubated with 100 nM of Lysotracker 

red probe for 30 min and fluorescence signals are directly proportional to the relative lysosomal abundance. For 

the M0 macrophages (2 h) non-treated cells 24 micrographs were analysed, for SM 27, for Rev 22, for LPS 48, for 

LPS + SM 56 and for LPS + Rev 52. For (12 h) non-treated cells 32 micrographs were analysed, for SM 26, for Rev 

25, for LPS 54, for LPS + SM 56 and for LPS + Rev 57. Finally, for (24 h) non-treated cells 28 micrographs were 

analysed, for SM 26, for Rev 31, for LPS 53, for LPS + SM 45 and for LPS + Rev 53. Results are shown as Aspect 

ratio (A) or End point/Branch point (B) and shown as means of the cell populations ± 1 SD. The non-treated cells 
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are used as the negative control (green columns), for the cells exposed to 8 mg/ml of “sugar mix” (blue columns), 

and for the cells treated with 8 mg/ml of Revamil® (orange columns). The 100 ng/ml LPS stimulation is identified by 

the black diagonal lines through the columns. For the cells stimulated with LPS the results are representative of two 

independent experiments (n=2), for the control cells, non-stimulated with LPS, only one experiment was performed 

(n=1). The statistical analysis was performed with One-way ANOVA using Tukey test. * p ≤ 0.05, ** p ≤ 0.01, *** p 

≤ 0.001. (B) Two examples of the micrographs obtained in this experience, in the left from the LPS 2 h - Ctrl- 

condition, and in the right from the LPS 2 h – Revamil condition. 

 

3.3.2. Effect of Revamil® on mitochondrial and lysosomal abundance in RAW 

264.7 macrophages stimulated or not with LPS or Sucrose  

The impact of Revamil® honey on the abundance of mitochondria and lysosomes of RAW 264.7 

macrophages was assessed by flow cytometry. The fluorochromes filters used were FITC (488nm) for 

the Mitotracker® green and PE-CF594 (610/20nm) for the Lysotracker® red. The change of technique 

was due to the lower size of the RAW 264.7 cells, which complicated the treatment of micrographs by 

the ImageJ software.  

The abundance of lysosome and mitochondria in macrophages treated with 8 mg/ml of Revamil® or 

“sugar mix” during 48 h was analysed. In addition, we compared the results to the abundances found 

for cells incubated with Revamil® or “sugar mix” and stimulated with 100 ng/ml LPS or exposed to 100 

mM sucrose, for the last 24 h, used as positive control (Figure 25). In addition, we added the LPS after 

the Revamil to analyse if cells pre-treated with honey could modulate the LPS response, that was not 

the case.  

One can observe an increase in mitochondrial abundance from control, to sugar and even higher for 

Revamil® treatments (Figure 25 A). This increase could be due to the inhibition of mitophagy by honey 

components, besides the sugars, leading to an accumulation of damaged mitochondria. Or due to the 

activation of biogenesis, such as the activation of the PGC-1α,16 which is less probable due to the usual 

time biogenesis of mitochondria can take, i.e. around 6 days. An example of the histograms obtain in 

these experiments is represented in the appendix 6.5. 

The increase in the abundance of lysosomes with the treatment of sucrose was expected, since the 

lysosomes accumulate the sucrose, since they cannot digest it, which leads to an increase in their 

diameters and stimulation of their biogenesis.77 We tested the sucrose with and without and Revamil 

and “sugar mix” treatments to confirm that there is no lysosomal clearance effect induce by the Revamil, 

that possibility was thought during the lysosomal abundance in confocal analyses. 

Furthermore, it is interesting to observe that the Revamil® seems to increase significantly the number of 

lysosomes (48 h), in the control conditions (without other stimulations) (Figure 25 B). Which seems to 

ensure the hypothesis of Revamil treatment activates the lysosomal biogenesis. It will be important in 

future experiments to understand which components of the honey besides the sugars are responsible 

for these effects, since the sugars seem to also increase, but relatively less than Revamil, the 

abundance of lysosomes. 
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Figure 25 -  Effect of Revamil® honey on mitochondrial and lysosomal abundance in RAW 264.7 

macrophages stimulated or not with LPS or Sucrose. (A) The mitochondrial abundance was determined by 

flow-cytometry, the fluorochrome filter used was FITC to excite the Mitotracker® green probe. Results are shown as 

the ratio between the means of fluorescence intensity of each condition by the mean of the control non-treated 

condition, that gives the pattern of the relative abundance of mitochondria. RAW 264.7 cells were treated with 8 

mg/ml of Revamil® (orange columns) or “sugar mix” (blue columns) and stimulated with 100 ng/ml of LPS or exposed 

to 100 mM of sucrose, compared to the non-treated cells with or without stimulations (control cells: Ctrl-, green 

columns). (B) The lysosome abundance was determined by flow cytometry in cells loaded with Lysotracker red 

probe. The fluorochrome filter used was PE-CF594 that excites the Lysotracker® red probe. Results are also shown 

as the ratio between the means of fluorescence intensity by the mean of the control non-treated cells. For all 

conditions, the results are representative of three independent experiments (n=3). The statistical analysis was 

performed with One-way ANOVA using Tukey test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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3.3.3. Effect of Revamil® on mTOR phosphorylation of LPS-stimulated or not 

macrophages (RAW 264.7 and THP-1)  

The effects of Revamil® honey on the regulation of inflammatory responses in LPS-stimulated or not 

macrophages were analysed trough the study of the activation of the mTOR (see introduction section 

1.3.2). 

The abundance of the phosphorylated (activated) form of mTOR (p-mTOR – activated by 

phosphorylation at Ser (Serine) 2448) in macrophages stimulated or not with 100 ng/ml of LPS during 2 

or 12 h and the abundance of mTOR were followed by western blot analysis in fluorescence on 15 μg 

of proteins of cell lysates prepared from RAW 264.7 and THP-1 macrophages (M0) (differentiation of 

THP-1 explained on the section 2.1.2) incubated with 8 mg/ml of Revamil® or “sugar mix” and 

simultaneously stimulated or not with LPS (Figure 26). Results show that, for 2 h for both cell lines, the 

LPS triggers the phosphorylation of the mTOR, as expected, so it can be used as positive control. 

However, it is really important to refer that this experiment was only performed once, so before making 

conclusions it will be necessary to repeat these experiments. The highest result for the cells stimulated 

with sugar and LPS could be due to technical problems leading to a bad transfer, thereby a weak signal, 

of mTOR comparing with the p-mTOR. 

More important for this study is the effect of the Revamil, and it seems to activate the phosphorylation 

of mTOR for the RAW 264.7 cells for the 2 h stimulation, a transient effect, since it is not observed for 

the 12 h. One of the reasons for this transient activation not been observable for THP-1 could be due to 

a faster response, so the time chosen did not catch it. Another could be that the differentiation of the 

THP-1 macrophages could affect it, especially if exists residual concentration of the cytokine PMA. This 

only matter if the results are reproducible, of course. 
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Figure 26 -  Effect of Revamil® honey on mTOR phosphorylation in macrophages stimulated or not with 

LPS. RAW 264.7 (A and B) and THP-1 (C and D) macrophages (M0) were treated with 8 mg/ml of Revamil® (orange 

columns) or “sugar mix” (blue columns) during 2 (A and C) and 12 h (B and D) of incubation with or without 100 

ng/ml of LPS. Non-treated cells were used as negative control (NT, green columns). The expression of p-mTOR 

(289 kDa) and total mTOR (289 kDa) was analysed by fluorescence western-blot (1). Total mTOR and p-mTOR 

expression were quantified and normalized against the expression of β-actin (45 kDa) used as loading control. A 

ratio between the normalized p-mTOR abundance and the normalized total mTOR abundance was then calculated 

for the RAW 264.7 cells incubated during 2 (A2) and 12 h (B2), and for THP-1 cells during 2 (C2) and 12 h (D2) 

(n=1).  
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4. Conclusions and Future Prospects 

The present project aimed to study the putative effect of Revamil® honey, a medical-grade honey, on 

the biology of the organelles, mitochondria and lysosomes, in two cell lines, murine RAW 264.7 and 

human THP-1.  

First, the optimal concentration of honey diluted in the culture media was determined, being the highest 

concentration that did not affect the physicochemical properties of the culture media, determined by pH 

and osmolality assays, the cell viability and proliferation. It was found that the optimal concentration is 

8mg/ml of Revamil®. It was also showed that the expression of the gene markers for polarized 

macrophages of RAW 264.7 cells unchanged in the presence of the Revamil® honey compared to the 

“sugar mix” control solution. 

Then, we tested the putative effects of honey on the morphology, abundance and metabolism of the 

organelles in several experiments. Immunofluorescence confocal microscopy was used to analyse the 

mitochondrial morphology and lysosomal abundance during and after differentiation, polarization and 

LPS stimulation of THP-1 macrophages. From that we conclude that the Revamil does not seem to 

affect the mitochondrial morphology and the lysosomal abundance during the differentiation and 

polarization of the THP-1 macrophages. In addition, there was not significant difference, on the 

mitochondrial morphology, caused by the honey treatment for 24 h in the macrophages already 

differentiated and polarized. For the LPS-stimulated macrophages there was no modulatory effect of the 

honey on the mitochondrial morphology, no matter the duration of the treatment. However, for the LPS-

stimulated (12 and 24 h) and non-stimulated macrophages (12 h) there is visible an increase of the 

lysosomal abundance, when treated with honey. Which could mean that the Revamil® honey probably 

activates the lysosomal biogenesis.   

Flow cytometry was used to analyse the abundance of both organelles in RAW 264.7 macrophages 

stimulated or not with LPS. From that it is observable a positive effect of the honey (48 h) on the 

abundance of both organelles, mitochondria and lysosomes. Showing the same tendency found for the 

lysosomal abundance in THP-1 cells, but for a higher time of incubation. Even though this could be due 

to an activation of the biogenesis of both organelles, another possibility is that the inhibition of the 

mitophagy process, leading to an accumulation of mitochondria, may occur. For the LPS-stimulated 

macrophages, it is not observable an effect of the honey for neither organelle. It will be really interesting 

to analyse the mitochondrial abundance for THP-1 macrophages treated with honey (12, 24 and 48 h) 

and RAW 264.7 (2, 12 and 24 h) to compare with the results already obtain, to confirm if the effect of 

the honey is similar in both macrophage species. The results of the organelles abundance by flow 

cytometry could also be confirmed with the determination of the abundance of marker proteins of the 

organelles such as LAMP1 and TOM20, for mitochondria and lysosomes, respectively (by western blot 

analyses).     

Western blot analysis was performed to analyse the activation of mTOR by Revamil and also to analyse 

the modulatory effect of honey in LPS-stimulated cells on both macrophages cell lines. From these 

analyses, it is interesting, to  observe a transient activation of the mTOR above the basal levels for a 2 
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h incubation time of honey in the RAW 264.7 macrophages, being that activation possibly correlated 

with an inhibition of mitophagy.23 

In the future will be interesting, besides to repeat these experiments, to test the effects of Revamil on 

other inflammatory-related mitochondrial parameters, like the mitochondrial membrane potential, the 

mitochondrial ROS production (that can be measured with MitoSOX using flow cytometry, for example), 

which, respectively, are expected to decrease and increase in LPS-stimulated macrophages.23 It will 

also be interesting to evaluate the effect of Revamil® in macrophages stimulated with a higher 

concentration of LPS than 100 ng/ml, like 1 μg/ml,36 at least in murine cells since for their polarization 

protocol they already have a higher concentration (10 ng/ml) than the human THP-1 (10 pg/ml), just to 

be able to compare the honey modulatory effect on murine and human cell types in the same conditions. 

More important in the near future is to test the activity of some enzymes specific for mitochondria 

(cytochrome c oxydase)22 and lysosomes (such as β-hexosaminidase, β-galactosidase and cathepsine 

C)78 , in the presence of honey, to be able to confirm the increase in the abundance and global activity 

of both organelles. Which could be do with colorimetric reactions follow by absorbance readings. In 

addition to test the hypothesis of the increase of mitochondria abundance, in the presence of honey, is 

related to the activation of its biogenesis, the abundance of the PGC-1α16 protein can be used as an 

indicator (by wester bloting analysis), and for the lysosomal biogenesis the TFEB.40 It will also be 

interesting to analyse the abundance of markers of autophagy (like LC3B and p62)30 or mitophagy 

(Parkin – PINK)79 in the presence of honey for different duration of the treatment.  
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6. Appendix 

6.1. Cytotoxicity detection kit – LDH: Principle 

The Cytotoxicity Detection Kit is designed as a precise, fast and simple colorimetric alternative to 
quantitate cytotoxicity/cytolysis based on the measurement of lactate dehydrogenase (LDH) activity 
released from damaged cells, so an increase in LDH release means an increase of death or damaged 
cells.  
The kit provides a reagent mix composed of a pale yellow dye solution (Roche - Citotoxicity Detection 
Kit, Dye Solution [2]) (mix of iodotetrazolium chloride and sodium lactate), and a catalyst solution (Roche 
- Citotoxicity Detection Kit, Catalyst [1]) (mix of diaphorase catalyst and NAD+).  
The LDH activity is determined based on a colorimetric reaction shown in the figure below.  

 

 
 
 
If LDH is present in the culture medium, the provided lactate will be converted (oxidized) into pyruvate 
and the NAD+ will be reduced to NADPH + H+. The NAD+ will be restored through the reaction of the 
diaphorase catalyst that converts (reduce) the provided reagent iodotetrazolium chloride (pale yellow) 
into formazan salt (red).  
The absorvance of formazan salts is read at 490 nm (using a reference at 655 nm) using a 
spectrophotometer.  
 

 (Information from the Instruction manual provided with the Cytotoxicity Detection kit – Science, R. A. 

Cytotoxicity Detection Kit (LDH) 1–20 (2004)). 
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6.2. Osmometer principle 

With Löser - Osmometers we measure the osmolality. The difference 

between osmolarity and osmolality is that, the first is the molecular 

concentration in relation of the volume of a solvent, and the second 

is related to the mass of a solvent (in this case water). 

Osmolality in practice is a measure for the total number of all soluted 

particles in a solution. The osmolality,  of a given aqueous solution 

is defined as follows:  x Nmol,  

With  = 1 if the solution is undissociated, otherwise  is correlating 

to the total number of ions that exist or may have been formed in a 

molecule of solution. Nmol = Number of moles of undissociated 

substance. Osmolality is measured in osmol (osm), very common in milliosmol (mosm). If not otherwise 

described the osmolality is measured by determining the freezing point depression. The freezing point 

depression and the osmolality are related by the next 

formula: 

. 

The principle for measuring the freezing point of aqueous solutions is described follow: The freezing 

point depression in comparison to pure water is a direct measure of the osmotic concentration. Pure 

water freezes at 0°C; an aqueous solution with an Osmolality of 1 Osm/kg H2O freezes at -1.858°C. 1 

Mol of a substance dissolved in 1 kg of H2O gives a solution with an osmotic concentration of 1 osm/ kg 

H2O only if it is an ideal solution and if the substance does not dissociate. 

The sample is filled in a plastic sample tube and cooled via a thermoelectric cooling (using the Peltier 

effect). During the measuring process the 

temperature of the sample is measured by a 

thermistor. At a defined supercooling the freezing 

process is started by lowering a needle with ice 

crystals into the sample tube. The freezing point 

of the sample is reached. The method of initiating 

the freezing process is important for the 

reproducibility of measurements. Because of 

linear correlation between osmolality  and 

freezing point the measurement of freezing point 

is a determination of osmolality. The results are 

displayed as mosm/kg H2O. 

 

 

 

(from the website of the Löser company, http://www.loeser-osmometer.de/home-eng.html, last 

visualization 22/10/2017) 

http://www.loeser-osmometer.de/home-eng.html


    87 
 

6.3. ImageJ64 program protocols for mitochondrial morphology 

and lysosome abundance 

 

6.3.1. Steps of the protocol for mitochondrial morphology 

Select only one cell                         Image transform into the 8bits      “Smooth” tool 

  

“Brightness/contrast”                      “Kernels filter hat 7x7” “                 Threshold” with dark background 

    

“Analyse particles”                         “Binary - skeletonize” tool                 
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6.3.2. Steps of the protocol for lysosomal abundance 

 

                                              “Lookup Tables - HiLo”         “Clear outside” tool 
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6.4. Sample of the micrographs obtained in the study of the effect 

of Revamil® on the lysosomal abundance of stimulated or not 

with LPS THP-1 macrophages (section 3.3.1.5) 

Only these micrographs are show in the appendix section, because are the only ones were the effect 

of Revamil is visible, statistically and by eye in the micrographs. 
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6.5. FACS – Histograms obtain for RAW 264.7 cells (section 

3.3.2) 

In this appendix are show the histograms obtain for one of the three independent experiments performed 

to test the effect of Revamil in RAW 264.7 macrophages stimulated or not with LPS or Sucrose. Is clearly 

visible in the “Control – Mitochondria” chart the shift in the curve caused by the treatment with Revamil.  
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