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Abstract

:

Honey has become popular as a potential treatment for several ailments, including cancer. Honeys from different parts of the world have been shown to have different anti-proliferative, immune-modulatory, and anti-inflammatory actions. Yemeni Sidr honey (YSH) is world-renowned for its anti-inflammatory activity and has been suggested to have anti-cancer activity, although empirical evidence is lacking. We tested three YSH samples by HPLC to show they contained similar sugars and an overlapping group of phenolic and flavonoid components, as described previously. YSH’s apoptotic and anti-proliferative activities were measured in in vitro models of cancer growth. The treatment of breast cancer cell lines (MDA-MB-231 and MCF-7), a cervical cancer cell line (HeLa), and mouse melanoma cells (B16-BL6) with 1% (w/v) YSH in media for 48–72 h almost completely inhibited cell proliferation and promoted cell apoptosis. In contrast, a non-malignant HBL-100 cell line was more resistant to treatment with YSH. This suggests that YSH may be a good candidate as an anti-cancer treatment, which requires further study.
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1. Introduction


Honey is used as a complementary therapy to treat patients with a wide range of conditions due to its wound-healing, antimicrobial, and anti-inflammatory effects [1]. There are also some pre-clinical data that show that honey or honey products, such as propolis, have an inhibitory effect on cancer cell growth by altering apoptosis, oxidative damage, or anti-inflammatory activity [2,3,4]. Since current treatments for cancer are not always effective and are frequently associated with negative side effects, there has been significant research into discovering new chemotherapy candidates, which include alternate and traditional medicines, such as honey [5,6]. There are a variety of different types of honey that differ in chemical composition based on the species of bees, the geographical location, and the plants used as the pollen source [7,8]. These differences in composition are also associated with differences in their effects on cancer cells [9,10,11].



Yemeni Sidr honey (YSH) is a particular example of a natural product with distinct anti-cancer effects [12,13], and it has similar properties to some other types of honey, including Tualang honey and Manuka honey [14,15,16]. Tualang honey is produced in Southeast Asia by the giant honey bee Apis dorsata from multiple flora, and Manuka honey is a monofloral honey produced by honeybees from the nectar of the Manuka honey bush (Leptospermum scoparium) throughout New Zealand and Australia [5,17]. Both have been shown to have anti-bacterial, anti-inflammatory, and anti-cancer activities. Both are also rich in an overlapping set of phenolic and flavonoid compounds which have been associated with various clinical activities [5]. Several other honeys found around the world, including jejube, jungle honey, chestnut honey, and acacia honey, have also be shown to have a variety of clinically relevant activities as well as a complex set of chemical components [18,19,20,21,22,23]. While these honeys contain some common components, there are frequent differences between the various types of honey that may be relevant to their specific activities.



In Yemen, beekeeping is an ancient profession, dating as far back as the 10th century BCE. Today, the country produces as much as 5600 tons/year of natural honey, with an approximate value of USD 40 million [9]. A significant proportion of Yemeni honey is Sidr honey, produced by bees from the nectar of the Ziziphus spina-christi tree from the remote Dawan and Gerdan areas of Hadramout and Shabwa [9,11]. The result is one of the most prized and expensive monofloral honeys available [12,13]. In other locations, Sidr honey is harvested from bees that derive the nectars of the jujube tree (also known as Christ’s Thorn Jujube) and is utilized for a variety of medicinal purposes [14]. Like several other honey varieties, Yemeni Sidr honey (YSH) has historically occupied an important position in alternative medicine. The product has been hailed as an effective therapy for ailments such as constipation and gastric and duodenal ulcers, as well as for wound healing [15]. Moreover, YSH is used for the maintenance of the optimal function of the nervous and gastrointestinal systems. Its anti-inflammatory and anti-oxidant effects have been deemed beneficial in preventing hepatic injury [12,16]. In addition, it has been used as an anti-microbial agent in traditional medicine practice [13]. YSH is also considered to be useful in resolving insomnia, allergy, arthritis, as well as anemia. Due to the high demand and high value of YSH, it has commonly been adulterated with other types of honey or with other products in order to increase its volume for sellers. Consequently, scientific methods to determine the purity of samples of the product have been described by several studies [7,24]. Acknowledgement of this concern is important not only to ensure the accuracy of investigations using samples of YSH but also for the potential development of therapeutic derivatives from such samples.



Beyond the longstanding rivalry of this variety of honey with other premium types such as the New Zealand’s Manuka honey, the fact that they are monofloral might be beneficial for drug discovery [9]. A well-recognized obstacle in any attempt to explain the anti-cancer mechanisms of various honey varieties has been the presence of a vast number of substances that constitute honey and the possibility that each component has separate activity contributing to the observed effects. As a monofloral moiety, YSH offers more promise in terms of isolating active anti-cancer constituents, a step that is of obvious significance in the ultimate goal of developing a practical chemotherapeutic agent. In the current study, the effects of YSH on cancer cells and the determination of the mechanisms by which YSH inhibits cancer cell growth were investigated.




2. Materials and Methods


2.1. Cell Lines and Tissue Culture


MCF-7 (human breast adenocarcinoma), MDA-MB-231 (human triple-negative breast adenocarcinoma), HeLa (human cervical adenocarcinoma), and B16-BL6 (mouse melanoma) cells were all obtained from the American Type Culture collection, ATCC, Manassas, VA, USA. The HBL-100 (non-malignant breast epithelial cells) were obtained from Dr K.M. Yamada, National Institutes of Health. These cell lines were maintained in Dulbecco’s Modified Essential Medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone), 100 µg/mL streptomycin, and 100 U/mL penicillin (Invitrogen, Burlington, ON, Canada) at 37 °C in 5% CO2.




2.2. Preparation of Honey Samples


Three YSH samples were used in these experiments. Two of these samples were obtained from commercial markets in the Kingdom of Saudi Arabia, while the third sample was purchased from Lote and Co. (London, UK), which sells characterized and verified products (Table 1). For some experiments, a commercial, polyfloral, “clover” honey was used to determine whether YSH has a distinct profile and thus comprehend the effect. The honey samples were stored in sealed containers at ambient temperature and ranged in age from 1 to 5.5 years. For the experiments, the honey samples were diluted in serum-free culture medium at a stock concentration of 10% (w/v) and dissolved by incubation at 37 °C for 15 min. The stocks were diluted in complete culture media for cell treatments ranging in concentration from 0.1–10% (w/v) as described in the specific experimental procedures.




2.3. Characterization of YSH by HPLC


The relative amount of specific sugars was determined using HPLC and compared to purified standards [25,26,27]. The honey samples were diluted to 5% (w/v), and the purified standards (fructose, glucose, sucrose, maltose, and trehalose [Fisher Scientific, Waltham, MA, USA]) were dissolved in water to 1% (w/v) by incubation at 37 °C and filtered through a 0.22 μm syringe filter. The samples were subjected to HPLC on a Breeze 2 chromatography system (Waters Limited, Mississauga, ON, Canada) [25,27] fitted with an X-Bridge Amide 3.5 μm, 4.6 × 150 mm column and an X-Bridge 3.5 μm, 4.6 × 20 mm guard column (Waters Limited). The samples (5–20 μL) were injected onto the column, and the mobile phase (80% acetonitrile and 20% water) ran at 1 mL/min for 20 min at 60 °C [24]. Peaks were detected at an absorbance of 195 nm [28,29]. Two independent preparations of each solution were analyzed using different amounts of sample. A standard curve of different concentrations of the purified sugar standards was created, and the amount of the corresponding sugar peak in the honey preparation was determined using the area under the peak. The relative amounts of each sugar were determined as a percentage of the total amount of honey analyzed.



The phenolic and flavonoid molecules in the honey samples were characterized following purification from the large amounts of sugar in the samples. For purification, 25 g of each type of honey was dissolved in 250 mL of 1% HCl at 37 °C for 30 min, combined with 35 g of Amberlite-2AD resin (Sigma-Aldrich Canada, Oakville, ON, Canada), mixed by stirring for 30 min, and then collected into a 3 × 20 cm column [30,31]. The honey mixture was passed through the column, and then, the column was washed sequentially with 250 mL of 1% HCl and 250 mL of water. The phenolics on the column were eluted with 250 mL of methanol, and the methanol fraction was concentrated to a volume of 8 mL under reduced pressure, and water was added to give a final concentration of 80% methanol. The purified samples were subjected to HPLC on a Breeze 2 chromatography system fitted with a Sunfire C18 3.5 μm, 4.6 × 100 mm column and a Sunfire C18 3.5 μm, 4.6 × 20 mm guard column (Waters Limited). The samples or standards (2–5 μL) were injected onto the column and the mobile phase applied at 1 mL/min: the mobile phase was composed of a gradient between Buffer A (5% acetic acid in water) and Buffer B (5% acetic acid in acetonitrile) which was set to change from 100% Buffer A to 50% Buffer A: 50% Buffer B after 40 min, to 100% Buffer B from 40 to 50 min, and then to 100% Buffer A from 50 to 60 min) [31,32,33]. The absorbance of the eluent was measured at 280 nm and 320 nm and at 370 nm and 425 nm in two separate runs. Two independent preparations of each phenolic purification were analyzed at least two separate times for each type of honey. A standard curve of different concentrations of gallic acid, chlorogenic acid, caffeic acid, vanillic acid, trans-p-coumaric acid, 4-hydroxy-3-methoxycinnamic acid, transferulic acid, ellagic acid, and quercetin (Fisher Scientific) was created [33]. Individual peaks in the honey chromatographs were identified based on comparison to the retention time of the standard as well as by comparing the change in peak area between chromatographs obtained at different wavelengths. The relative amounts of each component were determined based on the area of the corresponding peaks in the chromatographs obtained at 280 nm.




2.4. Sulphorodhamine B (SRB) Assay


SRB assays were performed to determine the relative cell number [34]. For each experiment, 100 µL/well of MCF-7, HBL-100 cells at 4000 cells/mL, HeLa, or MDA-MB-231 cells at 3000 cells/mL was plated onto replicate 96-well plates and incubated overnight at 37 °C. The growth medium was replaced with media containing 0.1–10% YSH, 0.1–10% glucose, or 10 µM of camptothecin, as indicated, and incubated for an additional 48–72 h. The cells were fixed by incubation with 50% ice-cold tricholoracetic acid (TCA) for 1 h, washed with water, and then air dried. The fixed cells were then stained by incubation in a 0.1% (w/v) SRB solution for 30 min at room temperature, washed, and then re-suspended in 200 μL of 10 mM Tris buffer, pH 10.5. The absorbance of each well was recorded at a wavelength of 530 nm and the IC50 values for YSH were calculated using a sigmoidal dose–response curve using Graph Pad Prism V 4.02 software (Graph Pad Software, Inc., San Diego, CA, USA).




2.5. MTT Assay (Methyl Tetrazolium Blue)


The methyl thiazol tetrazolium (MTT) assay was performed to measure the enzyme activity of viable cells, and the result of this assay was a mixture of cell viability and cell proliferation. Cell viability was determined in cells treated with 0.1–10% YSH, 0.1–10% glucose, or 10 µM of camptothecin. Cells, at 2000 cells/well, were plated onto replicate 96-well plates with one plate/day of experiment [35] and incubated overnight at 5% CO2 and 37 °C. Each column of the 96-well plate (n = 8) was treated with the same condition and incubated in the continued presence of the YSH over the course of 4–5 days without a media change. On each day of the experiment, one of the replica plates was treated with 0.25 µg/mL MTT for 4 h, the media were removed, and 100 μL/well of dimethyl sulfoxide (DMSO) added to solubilize the converted formazan crystals. The absorbance of each well was read at 540 nm and the relative cell viability was determined as the average of each treatment minus the culture medium background relative to untreated cells. Statistical analysis was performed using an ANOVA using Graph Pad Prism Software.




2.6. Cell Proliferation Using Incucyte® Proliferation Assays for Live-Cell Analysis


Cell proliferation was performed using an IncuCyte® Proliferation Assay for Live-Cell Analysis (Essen BioScience, Ann Arbor, MI, USA) on the IncuCyteS3 cell analysis module, which allows cell proliferation to be quantified by counting the number of phase objects over time. For the experiments, the cells were plated onto a 96-well plate and incubated at 37 °C for 24 h in the Incucyte module. The cells were treated with 0.32–5% (w/v) YSH. The Incucyte module was set to photograph and count the cells from 8 different areas for each sample well, each day for 7 days, and the change in cell number was calculated and plotted for each condition.




2.7. Wound-Healing Assay


MDA-MB-231, MCF-7, and B16-BL6 cells were grown to form confluent monolayers on 6-well plates, and a “wound” was created by scratching with a sterile 500 μL pipette tip [36]. The media were removed and replaced with media containing 1% YSH or suspending media, and the plates were incubated at 37 °C and 5% CO2. Scratch closure was monitored and imaged over 6–24 h using the IncucyteS3 Live imaging protocol at 4× magnification (Essen BioScience). The recovery of the scratched area was calculated using commercially available Image J 1.8.0 (https://imagej.net/ij/) image analysis software [37] and presented as the percentage of wound closure.




2.8. Detection of Apoptosis by Acridine Orange/Ethidium Bromide


To examine changes in cellular morphology for MDA-MB-231 and MCF-7 cells treated with YSH, the cells were stained with acridine orange and ethidium bromide and visualized on a fluorescence microscope [38]. The cells were adhered to 6-well plates overnight at 37 °C and then treated with different concentrations of YSH in culture media for 24 and 48 h. Cells were treated with 6 μM of camptothecin for 24–48 h as a positive control for apoptosis. Following treatment, each sample was stained with 100 μg/mL acridine orange (Sigma-Aldrich) and 100 μg/mL of ethidium bromide (Sigma-Aldrich) in culture media for 5 min. Finally, the cells were washed with PBS, pH 7.4, and then, each live-stained monolayer was visualized using an OLYMPYS (Tokyo, Japan) fluorescence microscope.




2.9. Analysis of Cell Cycle Distribution


The cells were stained with propidium iodide and analyzed using flow cytometry to measure apoptotic cells with fractional (sub-G1) DNA content as well as cell cycle profiles [39]. MCF-7, MDA-MB-231, HeLa, B16-BL6, and HBL-100 cells were exposed to 0.5–2.5% YSH, glucose, or 6 µM of camptothecin for 24 h to 72 h and then harvested using trypsin. The collected cells were washed twice in PBS, pH 7.4, and fixed by incubation in 75% ice-cold ethanol and stored at −20 °C. For analysis, the cells were washed twice with PBS, pH 7.4, and suspended in 0.5 mL of PBS, pH 7.4, and 0.5 mL of propidium iodide (PI) staining solution (PBS, pH 7.4, 0.3% Nonidet P-40, 100 μg/mL RNase A, and 100 μg/mL propidium iodide) was added and incubated for 1 h. The re-suspended samples were then analyzed by flow cytometry using an FC600 Flow Cytometer (Beckman Coulter, Brea, CA, USA) to detect the relative PI staining and the proportion of cells in the sub-G1, Go/G1, S, and G2/M phases determined.




2.10. Immunoblot Analysis


Immunoblot analysis was used to detect various apoptosis-related proteins in YSH-treated cells. Proteins were extracted and quantified from cells cultured on 10 cm plates and cells treated with 1% YSH, glucose, or control media for 0, 24, 48, and 72 h. Whole-cell extracts were collected in RIPA buffer (PBS, pH 7.4, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with a protease cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA) and sheared by passage through a 20 Ga needle. Protein levels were quantified using a BCA Assay kit (Pierce Chemical, Fisher), and 25 µg or 50 µg of cellular lysate protein was subjected to electrophoresis on polyacrylamide gels containing sodium dodecylsulfate (SDS-PAGE). The proteins in the gel were then transferred onto a PVDF membrane (GE Health Care, Chicago, IL, USA) stained with 0.1% Ponceau S in 1% acetic acid and “blocked” by incubation in 5% Carnation non-fat skim milk in TBST (50 mM Tris-HCl, pH 7.4, 150 M NaCl, 0.1% [v/v] Tween 20) for 1 h [40]. The membrane was incubated with primary antibodies against Bcl-2, Bax, Caspase 9, and PARP-1 and GAPDH and β-tublin (loading controls) (Santa Cruz Biotech., Santa Cruz, CA, USA) (in 5% Carnation non-fat skim milk, in TBST) overnight at 4 °C. The blots were washed and then incubated with a secondary antibody—horseradish peroxidase conjugate (Santa Cruz Biotech) (titer 1:10,000 diluted in 5% non-fat skim milk in TBST) for 1 h at room temperature and visualized using an ECL kit (Enhanced Chemiluminescence, GE Health care) and exposed to X-ray film.





3. Results


3.1. Characterization of Honey Sugars


The HPLC analysis of the four different samples of honey and the fructose, glucose, sucrose, maltose, and trehalose sugar standards (Figure 1) showed the three monofloral Sidr honeys were similar to each other but different from the polyfloral clover honey. The determination of the relative amounts of each identified sugar in the honey samples showed that the clover honey (honey 1) contained 37.5% fructose, which was higher than the three YSH samples, which contained 28–30.7% fructose (Table 2). Clover honey contained much lower proportions of glucose, sucrose, and maltose compared to the three YSH samples, which contained similar levels of these sugars. Honey 2 contained a much higher concentration of trehalose than the other honeys.




3.2. Characterization of Honey Phenolics


The HPLC analysis of the phenolic and flavonoid components in the four different samples of honey showed the presence of several different peaks which absorbed at the four different tested wavelengths (Figure 2). Multiple phenolic or flavonoid compounds have been previously identified in YSH and other honeys, and so, a group of 10 compounds including gallic acid, chlorogenic acid, caffeic acid, vanillic acid, trans-p-coumaric acid, 4-hydroxy-3-methoxy-cinnamic acid, transferulic acid, ellagic acid, and quercetin was used as standards. The retention time for each standard was identified, and the relative absorption at each wavelength was determined. The chromatographs of the honey samples looked different: all of the samples contained multiple peaks which showed characteristic differences depending on the absorbance wavelength. For example, all four samples of honey showed a major peak at 280 nm, with a retention time of 2.4 min, which was much lower in intensity at 320 nm, corresponding to ellagic acid. Honey 1, the commercial clover honey, was the only sample that did not show significant peaks at 8.4 min and 24.7 min at both 280 nm and 320 nm, corresponding to chlorogenic acid and quercetin, respectively. All four honeys contained peaks that corresponded to gallic acid, caffeic acid, vanillic acid, trans-p-coumaric acid, 4-hydroxy-3-methoxycinnamic acid, transferulic acid, ellagic acid, and quercetin standards (Table 3). However, all of the honey samples also contained several peaks that have not been identified.





 





Table 3. The weight percent for specific components in samples of honey.
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	Honey 1
	Honey 2
	Honey 3
	Honey 4





	gallic acid
	14.8
	18.24
	34.65
	42.4



	chlorogenic acid
	Nd
	3.84
	1.35
	1.6



	caffeic and vanillic acid
	3.6
	17.6
	9
	8



	trans-p-coumaric acid
	2.8
	3.84
	5.85
	4.8



	4-hydroxy-3-methoxycinnamic acid
	40
	38.4
	9.9
	7.2



	transferulic acid
	9.6
	16
	22.25
	17.6



	ellagic acid
	3
	4.16
	5.85
	



	quercetin
	1.2
	7.68
	10.8
	3.2









3.3. YSH Preferentially Inhibits the Proliferation of Malignant Cell Lines


The anti-proliferative effects of YSH on malignant and non-malignant cell lines were determined using the SRB, MTT, and IncucytS3 Live-Cell proliferation assays. Each assay revealed that YSH significantly inhibited the proliferation and viability of malignant cells to a greater extent than the non-malignant cell line. The MTT assay (Figure 3) showed a significant decrease in the viability of the MCF-7, MDA-MB-231, HeLa, and B16-BL6 malignant cell lines in a time- and dose-dependent manner. MCF-7 cells treated with 1% YSH for 5 days inhibited viability by 20%, while treatment with 2% YSH inhibited viability by 80% and treatment with 1% glucose had no significant effect on viability. MDA-MB-231 and HeLa cells treated with 1% YSH for 5 days inhibited viability by 50–60%, while treatment with 2% YSH inhibited viability by 85%. Treatment with 2% YSH for 5 days inhibited the viability of B16-BL6 cells to below the original number of cells plated for the experiment.



The SRB assay also showed a dose-dependent decrease in cell staining in response to YSH treatment. The IC50 concentrations calculated from the SRB assays showed that the IC50 for MCF-7 cells was 0.99% YSH, 2.1% YSH for MDA-MB-231 cells, and 1.95% YSH for the HeLa cell line (Figure 4 and Table 4). Interestingly, the IC50 for the non-malignant HBL-100 cells was approximately 10% YSH.



The number of cells as determined by live cell analysis was decreased by treatment with YSH in a time- and dose-dependent manner (Figure 5). All of the malignant cell lines tested showed a significant decrease in cell numbers on each day in response to YSH treatment compared to untreated (or glucose-treated) controls. In separate experiments, MCF-7 cells were treated with two different YSH samples and showed similar decreases in cell proliferation of 30% at 1.25% YSH over 4 days. MDA-MB-231 and HeLa cells treated with 1.25% YSH showed decreases in cell proliferation of 50% over 4 days, consistent with the resistance to YSH shown by the SRB assay.




3.4. YSH Impairs Cancer Cell Migration In Vitro


The effect of treatment with YSH on cancer cell migration was examined using a wound-healing assay. MDA-MB-231, MCF-7, and B16-BL6 cells were incubated for 1 day in the presence or absence of 1% YSH (approximately the IC50), and percentage of wound closure was measured over time (Figure 6). Treatment with 1% YSH led to significant inhibition in cell migration for all of the cell lines. Cell migration after 24 h for MCF-7 cells treated with YSH decreased by 65% compared to untreated cells. For both MDA-MB-231 and B16-BL6 cells, YSH decreased cell migration by 45%.




3.5. Induction of Apoptosis by YSH


To show that YSH induces apoptosis in MDA-MB-231, MCF-7, and HeLa cells and in the non-malignant HBL-100 cells, we used the morphological evaluation of cells following acridine orange/ethidium bromide staining, the flow cytometry of propidium iodide-stained cells, and immunoblot analysis for apoptosis-related proteins. Acridine orange and ethidium bromide staining showed apoptotic morphology after being treated with YSH. Acridine orange is membrane permeant and stains the nucleic acids of all cells green, while ethidium bromide only stains those cells with compromised membranes red [38]. Malignant cancer cells treated with 1% YSH for 48 h underwent chromatin condensation and extensive membrane blebbing, which are hallmarks of apoptosis, while untreated controls did not demonstrate any visible changes in morphology. The data in Figure 7 show that MDA-MB-231, MCF-7, and HeLa cells treated with 1% YSH cells for 48 h showed both acridine orange and ethidium bromide staining (red patches within 10–60% of the cells), consistent with cells in the later stages of apoptosis. In contrast, HBL-100 cells treated with 1% YSH for 48 h did not show significant changes in morphology or cellular staining, suggesting that this is not sufficient to induce apoptosis in non-malignant cells.



The flow cytometry of propidium iodide-stained cells was determined to measure DNA fragmentation as the proportion of cells containing sub-G1 phase DNA content [39]. Treatment with 1–2.5% YSH for 24 h induced apoptosis in MDA-MB-231 and MCF-7 cells, as shown by an increase in the proportion of cells with sub-G1 DNA content to 25–30% (Figure 8). HBL-100 cells treated with different concentrations of YSH for 24 h showed there was no significant induction of cell cycle arrest or apoptosis in response to treatment with 1% YSH at the 24 h time point (Figure 8), supporting the idea that YSH is less effective at inducing apoptosis in non-malignant cells.




3.6. YSH Induces Apoptosis through Alteration in Molecular Pathways


To confirm that YSH induces apoptosis in MCF-7 and MDA-MB-231 cells, immunoblot analysis for molecular markers of apoptosis was performed. The PARP-1 blot shows that YSH-treated cells showed a decrease in the levels of full-length PARP (116 kDa) and the larger fragment (85 kDa), consistent with the loss of apoptotic cleaved products. Treating cells with YSH also showed an increase in the amount of the caspase 9 cleavage product, which is also consistent with the induction of apoptosis. The analysis of protein levels in cells undergoing apoptosis revealed that the Bax/Bcl-2 ratio plays a major role in apoptosis [41,42]. Findings revealed that the expression levels of the anti-apoptotic protein Bcl-2 were significantly decreased. However, the Bax pro-apoptotic protein increased in a time-dependent manner (Figure 9). These results are consistent with the idea that treatment with YSH induces apoptosis through the mitochondria-dependent signaling pathway.





4. Discussion


YSH inhibited the proliferation, viability, and migration capacity of MCF-7, MDA-MB-231, HeLa, and B16-BL6 cancer cells but had a much weaker effect on the HBL-100 non-malignant cell line. These changes are the result of a variety of mechanisms, the most significant of which is the induction of apoptosis due to a combination of cell cycle arrest, nuclear condensation, fragmentation, the down-regulation of anti-apoptotic molecules such as Bcl-2 and uncleaved PARP, the up-regulation of promoters of cell death such as the Bax class of proteins, and the up-regulation of cleaved caspase 9 [42,43].



YSH contains sugar and phenolic components consistent with the composition of many other types of honey, as reported in the literature [12,18,32,33]. We analyzed four separate honey samples: one sample of a commercial clover polyfloral honey and three samples of YSH obtained from different commercial suppliers. In general, the polyfloral honey sample was somewhat different from the YSH samples. Further, in spite of some similarities, there were also some differences among the three different YSH samples. Interestingly, all of these YSH samples have been shown to have similar anti-proliferative effects on cancer cells. The YSH samples all had similar sugar concentration profiles, consistent with previous reports [9,12,24]. The most abundant of the sugar components was fructose; however, the polyfloral honey contained a higher level of fructose (37.5%) compared to the YSH samples, which contained 28 and 30.7% fructose. The polyfloral honey was shown to contain lower levels of glucose, sucrose, and maltose compared to the YSH samples, which all contained similar levels of the sugars. The phenolic acid and flavonoid profiles in the purified honey samples contained at least 10–20 major peaks and multiple minor peaks. While several of the peaks were shared among all four honey samples, there were several which appeared to be differentially expressed. Ten different standard components, known to be present in previously studied honey samples, were used to identify peaks in the samples which were present at different levels [32]. The polyfloral honey was distinct from the three YSH samples. For example, the levels of chlorogenic acid, caffeic and vanillic acid, trans-p-coumaric acid, and transferulic acid were lower in the polyfloral honey compared to the YSH samples, which had similar levels. The levels of ellagic acid and quercetin were also higher in the YSH samples, although these levels were variable between the YSH samples. Interestingly, the polyfloral honey showed similar levels of gallic acid and 4-hydroxy-3-methoxycinnamic acid to one of the monofloral YSH samples, but these were different from the levels in the other two YSHs. It is known that the levels of different components in a particular type of honey can vary significantly depending on the time of year the nectar was collected and the collection and processing techniques used to produce the final product [44]. In spite of the variation between YSH samples, they were generally similar to the levels of these standards published in other studies of YSH [7,24,45]. Further, the compositions of the honey were directly correlated to the cytotoxic activity on cancer cells. Some reports have shown that gallic acid, quercetin, and ellagic acid are able to inhibit cancer cell proliferation at levels similar to what is present in YSH [4,12.18,46]. Other studies have also identified YSH components such as carvacol, thymol, catechin, and some sulfatide compounds as being active in killing cancer cells [46,47,48]. A more comprehensive study of a larger number of different honey samples with a wider range of identified standards would be useful for verifying that YSH samples have a more unique pattern of chemical composition which can be used to distinguish them from other types of honey and which could be used to identify likely anti-cancer components.



YSH was found to reduce the proliferation and viability of malignant cells. This was confirmed through performing SRB and MTT assays. The two tests collectively showed that treatment with YSH had a unique dose-dependent impact on the cell growth of cancer cells by significantly decreasing cell staining. In addition, cell counting using the Incucyte imaging analysis showed that the treatment of the malignant cell lines with YSH caused a reduction in cell number in a time- and dose-dependent manner compared to glucose or non-treated controls samples. This is consistent with the results of studies on YSH and other types of honey and suggests that honey might be a good candidate as an anti-cancer therapeutic agent. In addition, the treatment of malignant cells with YSH was able to inhibit cell migration, suggesting that YSH might also be a good candidate to inhibit cancer invasion and metastasis.



The treatment of malignant cells with YSH was shown to increase DNA fragmentation in the flow cytometry of propidium iodide-stained cells. The treatment of malignant MDA-MB-231, MCF-7, and HeLa cells with 1% YSH was shown to induce apoptosis, as measured by the increase in the sub-G1 fraction of the cells, in a dose-dependent manner, showing that the non-malignant cell type included was more resistant to YSH. However, future studies would be beneficial to test the effect of YSH on non-malignant cells. This result shows that YSH can induce apoptosis in a cancer-cell-specific manner. The other question which was addressed by these experiments is whether YSH causes apoptosis through the alteration of molecular pathways. This was achieved through the analysis of key molecular markers of apoptosis, including the up-regulation of Bax and the down-regulation of Bcl-2, which supports the idea that apoptosis depends on the mitochondrial intrinsic pathway. The treatment of MDA-MB-231 and MCF-7 cells with 1% YSH also resulted in an increase in cleaved caspase 9 and a decrease in uncleaved PARP, supporting the conclusion that YSH caused the apoptosis of cancer cells.



Similar findings have been obtained by other researchers using comparable in vitro studies with different types of honey. For instance, a 2013 study documented the morphologic features of breast cancer cell lines after 24 h of exposure to honey from Indian stingless bees [49] and determined that there was cell cycle arrest based on p53 activation. This arrest was the underlying mechanism of the ability of Brazilian honey extracts to induce apoptosis in cancerous cell lines. Similarly, the reduced expression of Bcl-2, the activation of caspase 3, and Bax up-regulation accounted for the anti-proliferative influence of honey extracts on leukemic cell lines [50,51].



Another important finding in the current study is that the anti-proliferative effect of YSH is more potent against the malignant cells tested compared to the non-malignant cells, a realization that boosts optimism with regard to its potential as a chemotherapeutic agent. While studies examining the specificity of honey products towards cancer cells are scarce in the literature, Umthong et al. [52], in their investigation of the anti-proliferative activity of honey extracts in Thailand, found that the effect was only observed in neoplastic and not normal cells. Calhelha et al. [2], in a similar in vitro study, concluded that Portuguese honey extracts did not exhibit a significant preference for cancerous cells in their ability to inhibit cell proliferation. On the other hand, experiments conducted by Almeer et al. [17] showed a similar result when Sidr honey from Saudi Arabia was tested on the MDA-MB-231 cell line, as the MTT assay after 48 h showed a reduction in cell viability of 48%. However, Ghramh et al. [45] found a conflicting result with our finding, as in their studies, Sidr honey-coated nanoparticles had anti-cancer activity against HepG2 but not HeLa cells. These differences could arise from one or more of several variables, including the cell lines used, the type of honey, geographical locations, or even variations in the experimental methodologies.
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Figure 1. HPLC analysis of sugars in honey samples. (A) Samples of honey and diluted samples prior to analysis show differences in the color. (B) Samples of honey were analyzed by HPLC on an X-Bridge amide column at an absorbance of 195 nm. Honey 1 corresponds to a sample of a polyfloral clover honey, while Honey 2–4 correspond to different samples of YSH obtained from different suppliers. The inset indicates an enlargement of the chromatograph to emphasize smaller peaks. The numbers indicate the position of the peak corresponding to the indicated sugar. 
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Figure 2. HPLC analysis of phenolic and flavonoid compounds in samples of honey. Purified samples of honey were analyzed by HPLC on an Sunfire C18 column at absorbances of 280, 320, 370, and 425 nm. Honey 1 corresponds to a sample of a polyfloral clover honey, while Honey 2–4 correspond to different samples of YSH obtained from different suppliers. The numbers indicate the position of the peaks corresponding to the indicated standard component. 1. Gallic acid (2.4 min); 2. chlorogenic acid (8.4 min); 3. caffeic acid and vanillic acid (10.4 and 10.2 min); 4. trans-p-coumaric acid (13.6 min); 5. 4-hydroxy-3-methoxy-cinnamic acid (15.3 min); 6. transferulic acid (15.8 min); 7. ellagic acid (20.6 min); and 8. quercetin (24.7 min). 
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Figure 3. Inhibition of cancer cell proliferation following treatment with YSH. (A) Breast cancer cells. (B) Cervical cancer HeLa cells and B16-B16 melanoma cell line. The treated cells were compared to controls (untreated cells suspended in media) and cells treated with sugar suspended in DMEM culture media. A relative cell number was determined for replica plates using the MTT assay, and absorbance was determined every day at 540 nm. Representative graphs show the mean of triplicate wells using Graph Pad. There were no discernable differences between the two independent experiments. 
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Figure 4. The effects of YSH on MDA-MB-231, MCF-7, HeLa, and HBL-100 cells as determined by the SRB assay. MDA-MB-231, MCF-7, HeLa, and HBL-100 cells were seeded onto 96-well cell culture plates and treated with seven different concentrations of YSH for 48–72 h. The relative number of cells, determined using the SRB assay, was plotted against the concentration of YSH using a GraphPad Prism sigmoidal dose–response curve. Representative graphs show the mean and 95% confidence intervals of three independent experiments. 
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Figure 5. Anti-proliferative activity of YSH on different cell lines. Cells on 96-well plates were grown in media containing different concentrations of YSH. Cell proliferation was monitored in real time using the Cell Analysis Software module. Cells were masked and counted for cell number (as measured by % cell confluence). Mcf-7 1 and mcf-7 2 showed two differently sourced YSHs tested on MCF-7 cells with similar results. Treatment with YSH decreased cell numbers in Mda-mb-231 breast cancer and HeLa cells in a dose- and time-dependent manner. The data show a representative plot of replicated wells with associated photographs of the cell monolayer at 4 days. 
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Figure 6. YSH inhibits cancer cell migration in wound-healing assay. Wounds were introduced in MDA-MB-231, MCF-7, and B16-BL6 cell confluent monolayers cultured in the absence (control) or presence of 1% YSH. The distance that the MCF-7 cells traveled from the edge of the scraped area over a period of 6–24 h at 37 °C was measured using ImageJ software to determine the percentage of wound healing and is shown in the graphs. 
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Figure 7. YSH-induced apoptotic cell death was observed by acridine orange/ethidium bromide staining. Cells were treated with 1% YSH for 48 h and then stained with acridine orange (green)/ethidium bromide (red). Live stained cells were analyzed within 15 min of staining using a fluorescence microscope. MCF-7 and MDA-MB-231 breast cancer, HeLa, and HBL-100 cells were examined for morphologic changes such as nuclear condensation and membrane blebbing. There were no significant differences between two independent experiments. 
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Figure 8. Cell cycle analysis of MDA-MB-231, MCF-7, HeLa, B16-BL6, and HBL-100 cells treated with YSH. Flow cytometry profiles of MDA-MB-231, MCF-7, HeLa, and HBL-100 cells treated with 0.6, 1.0, and 2.5% YSH for 24 h. Treated cells were compared to negative control cells and the 1% sugar control. The percentage of cells in the sub-G1 cell population (apoptotic) and each phase of the cell cycle was estimated by gating for the fluorescent intensity corresponding to the amount of DNA in each event with respect to non-treated cells. The graphs show the percentage of cells in each phase based on three independent experiments. 
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Figure 9. YSH down-regulates anti-apoptotic proteins and up-regulates pro-apoptotic proteins in MDA-MB-231 and MCF-7. Whole-cell lysates were prepared after treating MDA-MB-231 or MCF-7 cells with 1% YSH for 24, 48, and 72 h. Proteins levels and cleavage statuses were analyzed by Western blot analysis using antibodies against Bcl-2, Bax, Caspase 9, and PARP-1. GAPDH and β-tubulin were used as loading controls. 
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Table 1. Sidr honey samples collected from different regions.
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	Honey Type
	Botanical Original
	Honey Code
	Honey Source





	Clover honey
	
	1
	Commercial (Canada)



	
	
	2
	Saudi Arabia (Mountain Sidr)



	Sidr honey
	Ziziphus spina-christi L
	3
	Lote Co., UK market (Yemen)



	
	
	4
	Saudi Arabia market (Yemen)










 





Table 2. The weight percent for specific sugar components in samples of honey.
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	Honey 1
	Honey 2
	Honey 3
	Honey 4





	fructose
	37.5
	30.0
	28.0
	30.7



	glucose
	7.7
	19.1
	16.8
	21.3



	sucrose
	1.6
	3.8
	3.6
	3.9



	maltose
	0.1
	4.5
	4.8
	5.7



	trehalose
	0.3
	3.2
	0.7
	0.4










 





Table 4. The IC50 of YSH on cancer cells as obtained using the SRB assay.
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	Compound
	MCF7
	MDA-MB231
	HeLa
	HBL-100





	IC50 (%)
	0.99 ± 1.4
	2.3 ± 1.2
	1.95 ± 0.78
	~10
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