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Chaga mushroom extract inhibits oxidative DNA damage in lymphocytes of patients with inflammatory bowel disease
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Abstract. Inflammatory Bowel Disease (IBD) is partly caused by oxidative stress from free radicals and reduced antioxidant levels. Using hydrogen peroxide to induce oxidative stress in vitro in peripheral lymphocytes we investigated the induction of DNA damage supplemented with ethanolic extract of Chaga mushroom as a protective antioxidant. Lymphocytes were obtained from 20 IBD patients and 20 healthy volunteers. For treatment, a constant H2O2 dose (50 μg/ml) was used with variable doses of Chaga extract (10 - 500 μg/ml). DNA damage was evaluated in 50 cells per individual and dose using the Comet assay (making 1000 observations per experimental point ensuring appropriate statistical power). Chaga supplementation resulted in a 54.9% (p < 0.001) reduction of H2O2 induced DNA damage within the patient group and 34.9% (p < 0.001) within the control group. Lymphocytes from Crohn’s disease (CD) patients had a greater basic DNA damage than Ulcerative Colitis (UC) patients (p < 0.001). Conclusively, Chaga extract reduces oxidative stress in lymphocytes from IBD patients and also healthy individuals when challenged in vitro. Thus, Chaga extract could be a possible and valuable supplement to inhibit oxidative stress in general. 

2. Introduction
It has been shown in experimental animals as well as in humans that free radicals are released during inflammatory colitis [1]. Since hydrogen peroxide (H2O2) and reactive oxygen metabolites are generated in excessive amounts in the inflamed bowel, the non-enzymatic pathway may be an additional route for nitric oxide radical (NO•) production in UC [2]. Whilst IBD is associated with increased free radical damage due to high enzymatic activity and reduced antioxidant potential [3], xanthine oxidase is not increased in the colonic mucosa of UC [4] but increased nitric oxide synthesis is confirmed [5]. This pathway involves the reaction of hydrogen peroxide with both L- and D-arginine [6, 7]. Conventionally, the activity of nitric oxide synthase is thought to be the main factor for NO• generation in UC [8]. When the large bowel wall becomes inflamed and hypoxic, other alternative sources become more important like the reduction of nitrite by xanthine oxidase and bacterial nitrate/nitrite reductases as well as the non-enzymatic reaction of hydrogen peroxide with arginine. Oxygen radicals, particularly superoxide and hydroxyl radicals are very reactive species believed to be involved in cell and tissue damage in a variety of diseases including inflammatory bowel disease [9, 10]. Both CD and UC patients showed increased free radical derived DNA damage within peripheral leukocytes, by examining the amount of 8-hydroxy-deoxy-guanosine (8OHdG) present in blood and decreased plasma antioxidant defences [11].

The Chaga mushroom, Inonotus obliquus, is a fungal parasite, which is claimed to have natural beneficial properties for human health such as anti-bacterial, anti-allergic, anti-inflammatory and antioxidant activities protecting cell components against free radicals [12]. In a model system for gap junctional intercellular communication (GJIC), its extract has been shown to prevent the inhibition of GJIC in WB-F344 normal rat liver epithelial cells through the inactivation of ERK1/2 and P38 MAP kinases [13]. From the sclerotia of the Chaga mushroom various lanostane-type triterpenoids like inotodiol can be isolated. These  show inhibitory effects on the Epstein-Barr virus early antigen (EBV-EA) activation induced by 12-O-tetracanoylphorbol-13-acetate (TPA) as well as anti-tumour promoting activity [14], therefore making them a potential natural source of cancer preventive medicine. Chaga extract also demonstrates the inhibition of cell growth by arresting cells in the G0/G1 phase of the cell cycle and eventually leading to apoptotic cell death by down-regulating key proteins like p53, cyclins and cyclin-dependent kinases [15, 16]. An endo-polysaccharide acting as a specific activator of B-cells and macrophages has been recently extracted from the mycelia of Inonotus obliquus, although, the anti-cancer effect of Chaga endo-polysaccharides is not directly tumouricidal, but rather immuno-stimulating [17]. Even though, the in vivo anti-cancer effects and the chemical structure of this particular endo-polysaccharide were unknown for quite some time, the purified endo-polysaccharide, however, also showed in a more recent study immuno-stimulating rather than tumouricidal activities in vitro as well as in vivo for both the aqueous and ethanol extracts against various types of tumour cells [18, 19]. However, Chaga also has a potent antioxidative property acting with its free radical scavenger activity against the various radical species, therefore reducing cellular oxidative stress [20].
In the present in vitro study, we have investigated DNA damage induced in human lymphocytes from patients with IBD compared with those from healthy control individuals using the Comet assay. Cells have been treated in vitro with H2O2 in order to induce oxidative stress. To determine if the induced DNA damage could be reduced by the antioxidative properties of the Chaga mushroom, we simultaneously treated the lymphocytes with an ethanolic extract of Chaga. 

3. Materials and Methods

The single cell gel electrophoresis (SCGE) or Comet assay is a rapid and very sensitive fluorescent microscopic method to assess DNA damage and repair at the individual cell level [21]. Since the introduction of the alkaline (pH >13) Comet assay [22], the flexibility and efficacy of this technique for detecting various forms of DNA damage (e.g., single- and double-strand breaks, oxidative DNA base damage, and DNA-DNA/protein/DNA-drug cross-linking) and DNA repair have increased its use in virtually all eukaryotic cells [21]. In the Comet assay, DNA migration is found to be a function of both size and the number of broken DNA ends. The length of the Comet tail increases initially with damage and then reaches a maximum size that depends on the electrophoretic conditions. Tail moment, a measure of tail length and the fraction of DNA in the Comet tail, was used as the arbitrary unit of assessment [23, 24].

3.1. Lymphocyte isolation from peripheral blood

 Whole blood was collected by venepuncture from donors before each experiment. The donors were gastroenterology patients from two clinics, St. Luke’s Hospital and Bradford Royal Infirmary (BRI) in Bradford, West Yorkshire, UK. Healthy volunteers were recruited within the Division of Biomedical Sciences at the University of Bradford, West Yorkshire, UK. Ethical permission has been obtained from both the BRI Local Ethics Committee and the University of Bradford’s Sub-Committee for Ethics in Research involving Human Subjects. Controls were from the University of Bradford. Blood was collected into heparin-coated tubes and diluted with 0.9% saline in a 50:50 proportion. Then, this diluted blood was carefully loaded on top of Lymphoprep (Axis, Norway) in a ratio of 2:1 without mixing the two layers. 
The tubes were placed in a Mistral 3000 centrifuge at 800 g for 20 minutes at room temperature. After centrifugation, the cloudy, thin lymphocyte layer on top of the transparent Lymphoprep layer was transferred with a Pasteur pipette into universal tubes containing 0.9% saline. The tubes were centrifuged at 770 g for 15 minutes at room temperature. The supernatant was removed and the lymphocytes were used for the experiments after resuspension within RPMI. Some of the lymphocytes were stored in liquid nitrogen for long-term experimentation. The pellet was resuspended in 1 ml of foetal bovine serum (FBS) with 10% DMSO in a 1.5-ml cryovial and lodged in liquid nitrogen vapour overnight, before final storage after complete insertion in the storage Dewar.

3.2. Questionnaire for patients and controls

A questionnaire was administered to each donor immediately after taking the blood sample. The completed questionnaire for the patient and control groups provided essential information about lifestyle, confounding factors and medical treatment or any other drug intake. 
3.3. Treatment

Chaga mushroom extract was obtained from Fungi Perfecti’s Mycomedicinals, Chicago, USA. According to the manufacturer’s description, 30 drops of this alcohol-based extract are equivalent to 1g of Chaga mushroom mycelium fruit bodies. The purchased extract was further diluted in water to yield concentrations of 50, 100 and 500 µg of equivalent mycelium fruit body mass per millilitre. Isolated lymphocytes were treated at first for 30 minutes at 37ºC with different doses of Chaga extract (0, 50, 100 and 500 µg/ml) and then for an additional 30 minutes with H2O2 (50 µg/ml) added to the cell suspension. Lymphocytes which were collected from healthy individuals were used as control samples, and treated exactly as those from patients under the same conditions. After incubation, the treated lymphocytes were centrifuged at 900 g for five minutes. For DNA damage studies, 900 µl of the supernatant were removed.

3.4. Cell viability check

Cell viability at the concentrations chosen for each experiment was checked after treatment before performing the Comet assay. Viability was determined by trypan blue exclusion (10 µl of 0.05% trypan blue was added to 10 µl of cell suspension) and the percentage of cells excluding the dye was estimated using a haemocytometer under the microscope. Only concentrations with viability over 80% were accepted to avoid artefactual results from cytotoxicity [25].

3.5. Comet assay
The Comet assay was carried out as described by Tice et al. (2000) [21]. In brief, ethanol flamed glass slides from BDH (SuperfrostTM) were coated with 1% agarose. The cell suspension was mixed 1:1 with 1% low-melting point agarose (< 40°C) and applied to dry agarose-coated slides. After setting, this second layer was covered with a top layer of 0.5% low-melting point agarose. For each dose point two replicate slides were produced. The slides were immersed laterally in a container with cold lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO, 1% Triton X-100, pH 10) and incubated at 4ºC overnight. After lysis, the slides were placed horizontally on the tray of an electrophoresis tank, filled with cold electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH <13), and incubated for 30 minutes at 4ºC in the dark to allow the unwinding of DNA and expression of the alkali labile damage. Electrophoresis was then conducted at the same temperature for 30 minutes at 25 volts and an adjusted current of 300 mA (by raising or lowering the buffer level). After electrophoresis, the slides were removed from the tank and soaked three times each with neutralising buffer (400 mM Tris, pH 7.5) for a period of five minutes each [21, 24].  Cells were stained with 20 µg/ml ethidium bromide and examined using a fluorescence microscope equipped with a monochrome CCD-camera. For each replicate slide, 25 cells were scored (50 cells in total, making 1000 observations per experimental point ensuring a more than adequate statistical power to detect effects). A computerised image analysis system, Komet 4.0 (Kinetic Imaging, Liverpool, UK), was employed to measure the Comet parameters; the median Olive tail moment was then used for statistical analysis. 

3.6. Statistical analysis 

Gaussian normality was violated for many of the scale variables as endorsed by the Kolmogorov-Smirnov test. Therefore, non-parametric test procedures were adopted wherever necessary, such as the Kruskal-Wallis (K-W) and the Mann-Whitney (M-W) tests for independent samples. When testing intra-subject differences in DNA damage, the Wilcoxon Signed Rank (WSR) Test was applied. For the binary response variables, Fisher's Exact (FE) Test was applied. Throughout the analyses, a significance level of 5% was used and unilateral alternative hypotheses preferred to bidirectional tests (wherever appropriate). Graphical evidence in support of findings was described in terms of medians and quartiles, and illustrated using Box Plots. Outliers and extreme values were defined in the conventional manner by the statistical package SPSS (Version 13). 

4. Results

4.1. Patient versus control group

As shown in Figure 1, there was a significant difference in basic DNA damage within lymphocytes of IBD patients by comparing them with healthy individuals controls (M-W, p < 0.001) before in vitro treatment The patient (study group) and the control groups showed increases in DNA damage from H2O2 alone (p < 0.001).  When the dose levels of Chaga extract were increased in successive steps, the observed damage was reduced towards the initial base level in both the patient and the control groups. Chaga mushroom extract gave an overall 54.9% reduction (p < 0.001) of DNA damage within the patient group and a 34.9% reduction (p < 0.001) within the control group. The level of induced damage from H2O2 in the IBD group was statistically significantly greater than that of the control group (p < 0.001), even with reduction of the damage by Chaga. The minimum in vitro dose of Chaga extract, at which the effect of H2O2 was neutralised, was determined as 10 µg/ml for the control group and 50 µg/ml for the patient group.

4.2. Differences in IBD sub-groups

As shown in Figure 2, there was less damage in the UC (n = 8) patient group than in the CD (n = 8) group, which was significantly different (p < 0.001) when compared with the combined patient groups, which also included the indeterminate group where it was difficult to differentiate into UC or CD (n = 4).

4.3. Confounding factors:

a) Ethnicity, age, gender, smoking and drinking habits

There were small differences of median levels of DNA damage in Caucasians (n = 25) and Asians (n = 15) as well as in males and females. However, these differences were not found to be statistically significant (M-W, p = 0.118); neither was there a statistically significant difference in the age distributions between patient (mean age = 40.20 years ± SD 11.62) and control (mean age = 32.35 years ± SD 9.00) groups. No major differences were seen due to smoking and/or drinking habits.

b) Previous medication in the IBD group as a confounding factor

Patients had been treated with a range of drugs for IBD, namely, methotrexate azathioprine, mesalazine and pantasa, asacol, prednisolone, mercaptopurine alone or in combination prior to taking part in the study [balsalazide & calcium (n = 2); azathioprine & pentasa, azathioprine & mesalazine, mercaptopurine & balsalazide (n = 10); asacol (n = 4); pentasa & prednisolone, prednisolone & mesalazine (n = 3); methotrexate & mesalazine (n = 1)]. Within the treatment groups, there appeared to be differences but because of small sample sizes they were not significant. 
5. Discussion

The Chaga mushroom is a wood-rotting fungus used as a folk medicine in Russia and East-European countries to treat tuberculosis, gastritis and cancers. In some Asian countries, a large number of herbal and mushroom extracts has been used traditionally for treatment of inflammatory disease. These mushrooms, such as Ganoderma lucidum (Reishi), Lentinus edodes (Shiitake), Grifola frondosa (Maitake), Hericium erinaceum (Yamabushitake) and Inonotus obliquus (Chaga) have been collected throughout China, Korea and Japan, but they are almost unknown as treatment options for patients in the West. The pharmacological importance of these mushrooms is very high in the Far East as a traditional medicine in treating various diseases [20, 26]. For the Chaga mushroom, it has been ascribed with a number of biologically active polysaccharides and immuno-stimulatory properties, which seem to protect cells also against free radicals [9, 14, 20, 27]. It has as well been recognised that oxidative stress is universally accepted as an important factor in the pathogenesis of IBD [9]. 
Inhibiton of iNOS and COX-2 expression via the down-regulation of NF-kappa B binding activity may explain the anti-inflammatory and anti-nociceptive properties of a methanol extract from Inonotus obliquus [19]. A previous study using the Comet assay in human lymphocytes after in vitro treatment with Chaga mushroom extract has shown cellular protection against endogenous DNA damage produced by H2O2 [28]. Inonotus obliquus supplementation in the form of an ethanol extract to human lymphocytes and macrophages in vitro was able to markedly inhibit H2O2-induced oxidative damage to cellular DNA [27, 28].
In the present in vitro study, for the first time a reduction of induced DNA damage is reported in H2O2-treated lymphocytes obtained from IBD patients and healthy volunteers after treatment with an ethanolic extract of the Chaga mushroom (Fig. 1). This protective effect has been shown to be statistically significant. H2O2 alone is known to cause destabilisation of the DNA structure by breaking DNA strands in a dose-dependent manner [29]. An in vitro treatment of isolated lymphocytes from IBD patients and healthy volunteers with 50 µg/ml H2O2 created a maximum of oxidative stress but left the cells still viable so that cytotoxicity did not confound effects [25]. This damage significantly levelled off with increasing doses of the Chaga extract. 
Interestingly, also in the present study lymphocytes from CD patients appeared to have a greater level of basic DNA damage than those from UC patients when compared to the whole patient group (p < 0.001), suggesting that there may be more oxidative stress involved with Crohn’s disease (Fig. 2). This is a very important new finding using the Comet assay in peripheral lymphocytes serving as surrogate cells for colonic mucosa cells. It seems that a misbalanced production of pro-inflammatory and anti-inflammatory cytokines is characteristic of IBD and severely affects the immune homeostasis in peripheral blood cells, even more in CD than in UC patients [30]. Increased free radical production as well as a simultaneously reduced antioxidative potential [3, 31] contribute to the DNA damage not only in situ but also in peripheral lymphocytes. 

In our study, we found no differences for the level of DNA damage between patient and control groups regarding confounding effects such as smoking and drinking alcohol. However, it is known that smoking increases oxidative DNA damage by approximately 50% [32]. For smokers, the higher 8OHdG excretion might be related to a higher rate of metabolism with increased availability of reactive oxygen species [33]. The apparent 7-fold individual variation in oxidative DNA damage carries implications regarding ageing and the risk of cancer and other degenerative diseases [32, 34, 35]. Also when the effects of gender and ethnicity were examined, both showed trends towards being more sensitive to induced DNA damage for females (n = 24) compared to males (n = 16), and for the Caucasian group (n = 25) compared to the Asian group (n = 15), but neither was significant. Differences in life style, diet and possibly genetic background, e.g. different isoforms of metabolising enzymes, might contribute to such an increased trend without reaching significance. Nevertheless, Baypajee and colleagues found significantly higher basal level of DNA damage between males and females in the normal healthy South Indian population where males showed increased damage levels than females [36]. Furthermore, as IBD patients who volunteered for this study had been on medication against bowel inflammation, which was also considered a confounding factor possibly contributing to the background DNA damage. The statistical significance in the difference of baseline values between the control and the study group might partly be explained by such medication causing increased damage as well as increased inflammatory responses in the patients.

In conclusion, a significant protective effect of the Chaga mushroom as an ethanolic extract against oxidative DNA damage has been demonstrated after oxidative stress has been induced in vitro by H2O2 in lymphocytes obtained from IBD patients and healthy donors. This protection seems to be based on the antioxidative action of the Chaga extract by inhibiting oxygen radicals and therefore protecting against DNA damage. Furthermore, significant differences in response to DNA damage were also shown between treated and untreated lymphocytes from Crohn’s disease and Ulcerative Colitis. Lymphocytes from patients with Crohn’s disease had increased basic levels of DNA damage. Overall this study suggests that the Chaga mushroom extract may be a potent antioxidant. Therefore, it could be a possible therapeutic agent or as an adjunct to treatment in patients or be a useful supplement in healthy individuals to generally inhibit excessive oxidative stress.
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Figure Captions

Figure 1: IBD patient group and control group after in vitro treatment with H2O2 (50 μg/ml) and supplementation with ethanolic Chaga extract at different dose levels, showing median levels of DNA damage and 75% quartiles. The ( and ( symbols followed by a number indicate individual outliers with the respective patient number (Kolmogorov-Smirnov test, p < 0.001). 

Figure 2: DNA damage within three IBD subgroups: the first two were diagnosed with Crohn’s disease and Ulcerative Colitis. The third group was an indeterminate subgroup. The ( and ( symbols followed by a number indicate individual outliers with the respective patient number (Kruskal-Wallis (K-W) test, p < 0.001).
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